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Research means that you don’t
know, but you are willing to find
out.
CHARLES KETTERING

Abstract
The aim of this master’s thesis is to study and model the X-Ray Luminosity Function(XLF) of High Mass X-ray Binaries(HMXBs) in the Small Magellanic Cloud(SMC).
We reproduce the results of Shtykovskiy and Gilfanov in the case of the SMC. After that
we assert a different,more accurate, distribution of spin periods based on the later work
of Knigge. With the results of our study we shall consider the impact of the ”propeller
effect” on our HMXB luminosity function and conclude whether it can account for the
observed deficit of low luminosity sources. In the end we shall use our new formula of
the XLF as a diagnostic tool for studying the magnetic field distribution. By the end,
whatever the outcome of our research, we aim to ameliorate our understanding on how
the XLF behaves in galaxies like the SMC and enrich, if proven correct, our inventory
with a new tool.

1

Introduction

In order to delve deeper into the project we first have to contextualize our discussion. This
Introduction shall serve this purpose as it is separated in specific parts, each one comprising of
key-definitions and useful notes on the most important aspect of our research. However, since
there is a vast amount of information available, some of the prerequisites for our discussion will
be included in upcoming sections.

1.1

(X-Ray)Luminosity Function

The luminosity function φ(L)dL is defined to be the number of objects of interest (galaxies,compact objects, stars) that have luminosity value between L and L + dL. In the case where
we concern ourselves with compact objects, mainly emitting X-rays, we talk about an X-ray
luminosity function(XLF). To construct an XLF we have to fit possible models on given data,
bearing in mind that even if the models may look similar, in many cases there are differences
in the fitted parameters due to environmental factors. The XLF is used to study a wide variety
of objects from clusters and galaxies to specific populations of compact sources. The X-Ray
luminosity function , in particular that of HMXBs, has shed light into another problem by
being linked to the Star Formation Rate(SFR) of the studied galaxies(Grimm et al. 2003).
As an example of an XLF we will study the one obtained from the population of HMXBs
in the SMC. The SMC, as opposed to its close neighbor, the Large Magellanic Cloud(LMC),
contains a rich population of HMXBs that offer a unique opportunity to study the nature and
the properties of these exotic objects. This overabundance of HMXBs in the Magellanic clouds
will assist in understanding the connection between the variations on the population of X-ray
Binaries and metallicity (if any) since the chemical composition of these two galaxies is well
known.
In order to establish a common starting point I will review quickly the method from which
one obtains the XLF and then present graphically the one obtained for the LMC by Shtykovskiy
and Gilfanov. The first thing one does after he obtains the data is to detect the sources of
interest by establishing a threshold likelihood. Then they perform Boresight corrections as well
as correction for incompleteness, for which the need arises from variations in the point-source
detection sensitivity. In order to correct for incompleteness, one calculates the area of survey
as a function of flux.
1

After you normalize it shows the fraction of sources detectable as a function of flux and we
use it to correct the amount of low-flux sources we detect:
(

A0 dN
dN
)( corrected) =
(
)( observed)
dS
A(S) dS

(1)

in which A(S) is the survey area and A0 is the total area. From this we can obtain the
cumulative log(N ) − log(S) distribution corrected of incompleteness.
After all the appropriate corrections are made, the sources in the survey area can be classified
as LMXBs, HMXBs etc, after the foreground sources are removed. We will dedicate the next
session of the introduction to acquainting ourselves with HMXBs and their properties as well
as a brief analysis on the way we distinguish them from all the X-ray sources. But for now let
us present the HMXB XLF of the LMC:

Fig1: The XLFs of HMXBs in the LMC corrected of incompleteness, obtained with two different
methods of HMXBs searching(Shtykovskiy & Gilfanov)
In order to understand why we find the XLF above odd, it is instructive to gaze at a typical
example of a luminosity function. The next graph shows the XLF obtained from a population
of CXBs from a sample of galaxies(Mineo et al.2011):
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Fig2: The XLF of CXBs from a sample of galaxies normalized over SFR(Mineo et al.2011)
As expected the XLF follows a power law indicating that there will be considerably less
objects as we move to greater luminosities. On the other hand in the case of the HMXBs in
the SMC, there is a break in the luminosity function implying a deficit of lower luminosity
sources. The establishment of a mechanism leading to this break is what we are looking or in
this project.
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1.2
1.2.1

High Mass X-ray Binary systems
X-ray Binaries: A general discussion

The sources which we will study fall under the broad category of X-ray Binaries. Officially
observed in 1971-72 by the Uhuru satellite, Sco X-1 is the first observed system that could
produce such strong X-ray radiation. From careful observation of its period the system was
identified as a binary system, its source of intense radiation being mass exchange between the
two parts of the system, i.e. gravity. The infalling mass from the giant heats up, thus releasing
a large amount of gravitational energy in the form of X-ray radiation.
It was quickly evident that there were two basic form of X-ray binaries:
• High-Mass X-ray Binaries
• Low-Mass X-ray Binaries
Their main difference is the mass of the donor star even though the categorization also reflects
differences in the underlying physics of these systems(for example mechanism of accretion). We
will not consider the latter category in this project even though it is also a fairly active and
challenging domain of research with many unanswered questions.
To briefly describe the accretion mechanism of the HMXBs, there is a powerful stellar wind
that helps mass transfer from the star to the compact object. Usually the star is of 0B type
and the compact object can be a pulsar, a white dwarf or even a black hole. Less commonly
the accretion mechanism is Roche lobe overflow. The companion star has evolved enough to
fill its Roche lobe and and material is moved from the inner Lagrange point. This accretion
mechanism is more often met in LMXBs making them faint sources with the donor star usually
out of observational reach since it cannot produce such high luminosities.
The accretion Power
It would be instructive to first look at the generated power via infalling matter before we discuss
HMXBs in more detail. Assuming a compact object of mass M , accreting material at a rate
Ṁ , no one will argue that the resulting luminosity L will be the rate at which gravitational
energy is released:
L = GM Ṁ /R
(2)
where we made the assumption that the majority of the energy is generated at the object’s
surface. This formula allows for a significant value of L to be produced by a fairly small
amount of Ṁ . Comparing the efficiency of this process with that of nuclear energy we reach
the conclusion that generating power via accretion of material onto neutron stars or black holes,
is by far the most efficient way for converting matter into energy.
1.2.2

Properties of High Mass X-ray Binaries

Binary systems offer a unique opportunity to measure several properties of each component
individual as well as for the system as a whole. By measuring the velocity of both members
we can acquire the mass of the neutron star. Since the massive counterparts are usually of
early spectral type, they are easy to observe in high spectral resolution and hence we can
straightforwardly distinguish the two orbits via Doppler shift measurement of the absorption
lines. However the mass measurement of the compact counterpart is more than just another
parameter of the binary. The maximum allowed mass of a neutron star is an indicator of the
equation of state inside the NS. Thus we can exclude theories of density in the NS that predict
a maximum mass not consistent with the observations.
4

Not long after their discovery in 1971, Davidson and Ostriker(1973) proposed a model for
the accretion mechanism of HMXBs that would be proven fairly successful. When observed
in the UV the massive component of the system seemed to generate immense stellar winds
with typical values of 10−6 (in extreme cases even 10−4 ) M yr−1 . What drives the wind is
the luminosity of these massive stars, that in some cases can reach a value of 10000 times the
luminosity of the Sun. Due to the high temperatures these stars emit at UV and it is the UV
photons that are absorbed and scattered by the surrounding material so that they transmit
momentum, thus driving the stellar wind. This loss of material is taking place uniformly and
the compact objects passes through it. The estimation of how much of this surrounding matter
will be caught by the orbiting object was first presented by Bondi and Hoyle in 1944! This
mechanism is so efficient that even though only 0.1 percent of the material is captured, it is
enough to generate an important part of the observed luminosity(details will be given later in
the Introduction).
As the material is being captured inside the accretion radius it will start to form a disk.
This disk however will be small as a result of the material’s low angular momentum. Yet, as it
is driven onto the neutron star it will reach a point where its motion will be controlled by the
strong magnetic field of the NS. This point is called the magnetospheric radius. The material
is now driven by the lines up towards the magnetic polar caps, hits them and forms a very hot
shock from which X-rays are produced. material will continue to flow and form a column above
the X-ray production area, thus shadowing the X-ray emission into a fan beam.
1.2.3

Evolution of HMXBs

There is a paradoxical question that can be raised concerning the HMXBs. It is common
knowledge in Astrophysics that the more massive the star, the faster it will consume its fuel
and the shorter its stay in the main sequence. In HMXBs though, we find a neutron star(a star
at the end of its life) orbiting a much more massive companion star. Surely the more massive
star would be expected to have evolved first?

Fig3: A sketch of the evolution of an HMXB. Starting from two stars, the system evolves
towards the HMXB phase
The answer to this is that the NS began as the more massive of the pair, transferring
5

material to its companion during the end of its life, the phase where it is called a super-giant.
Imagine the system of the two stars(one heavier than the other) at time 0. The heavier one
evolves rapidly through hydrogen burning and after 10-20 Myrs expands to fill its Roche lobe.
As it continues to expand it starts to transfer matter from its envelope of unburnt hydrogen to
the less massive star until only the helium core remains. This stage won’t last for long though.
As the core starts helium fusion to create carbon it will only take 2 Myrs for the first supernova
explosion to take place. At this stage many such systems get separated due to the asymmetry
of the explosion leaving a much longer system period as well as a highly eccentric orbit.
Afterwards comes the HMXB period which lasts for 1-2 Myrs. The mass donor will again
evolve and expand and will include the neutron star in a common envelope. The viscosity in
this envelope makes the neutron star to spiral in towards the helium core. This reduces the
orbital period of the system from several hundreds of days to some hours. The envelope is then
dispelled and the binary system that is left is the neutron star with the helium core. This will
lead to another supernova explosion leaving behind two neutron stars.
1.2.4

Population of HMXBs in the SMC

Since the SMC contains approximately 2 per cent of the mass of the Milky Way one would expect
that the 65 HMXBs found in our Galaxy would reduce to 2-3 for the neighboring galaxy. Yet
until today more than 140 HMXBs are known to exist in the SMC.
The reason for this overabundance in HMXBs has been linked to new evidence about its
recent SFH. Tidal interactions between the two MCs somewhat 100 Myr ago, produced bridges
of material, and the tidal forces led to a burst in star formation. Thus it is reasonable to find
so many objects with such short lifespans exhibiting such high emission events in our neighbor.

1.3

The Propeller Effect

At this point we will describe the propeller effect from a theoretical point of view and leave
the observational conclusions for when we encounter it throughout the project. It takes place
at the short period of the HMXB phase of the evolution we discussed earlier. As we saw the
infalling material reaches the magnetosphere, stops there and is then carried on the magnetic
field lines towards the magnetic poles where it will be heated and finally emit. The influence
of the magnetic field of the neutron star however,may prevent the infalling mass to continue
its journey towards the magnetic poles, as soon as the matter in the equatorial bulge starts
to deplete. This is the ”propeler effect”: accretion is inhibited by the spinning magnetosphere
and we do not observe the X-rays anymore.
A parameter that plays an important role to finding the point of transition to the propeller regime is the threshold luminosity. It heavily depends on the magnetic field and the
spin(rotational) period of the pulsar. In a recent paper(2016), Poutanen and several other
Russian physicists, measured the threshold luminosity of two objects. Combining their measurements with the knowledge of the rotational periods obtained individually, they measured
the strength of the magnetic field. Their estimations were in agreement with the ones obtained
by different methods. The following graph sums up their results:
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Fig4: Light curve of one of the objects discussed in their paper(V0332+53) in the 0.5-1 keV
energy band. The key characteristic of this light curve is the surprising decrease of luminosity
below 1036 ergs−1 . They explained this fall as the passing to the propeller regime(Poutanen et
al.2016)
Yet the luminosity was only reduced 200 times, instead of the anticipated 400 times reduction. This leaves space for an addendum in the whole mechanism as it could indicate that
accretion could continue to a certain degree(or that the neutron star acts as a source of X-rays
in itself).
1.3.1

Cause of the propeller effect

Up until now we have only witnessed the evidence for the existence of the propeller effect in the
shape of the XLF. The cause of the effect however lies elsewhere and in order to tackle this we
need to investigate the physics governing the interaction between the two parts of the binary
system. Briefly the propeller effect is caused by a considerable magnetic barrier created by the
rotating magnetosphere of the neutron star. As matter reaches the magnetosphere, it stops
and can only proceed further only if VKeplerian > Vmagnetosphere or to put it differently Rm < Rc ,
where Rm is the magnetospheric radius and Rc is the corotation radius. In the case where
the two radii are equal we find the limiting luminosity that signals the onset of the propeller
regime(since the magnetospheric radius depends on the rate of mass accretion):
Llim (R) '

GM Ṁlim
−2/3
' 4 × 1037 k 7/2 P −7/3 M1.4 R65 ergs−1
R

(3)

where k is the factor used to relate Rm to the Alfven radius for accretion on a sphere (usually
k = 0.5).
Due to a much lower efficiency of accretion in the propeller regime, the accretion rate can
take values lower than Ṁlim . This decrease in infalling matter leads to the luminosity expected
for ”magnetospheric accretion”(Corbet 1996):
Llim (Rc ) =

GM Ṁlim
R
= Llim (R)
Rc
Rc
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(4)

and so the large drop in the observed luminosity is justified:
Llim (R)
1/3
' 170P 2/3 M1.4 R6−1 .
Llim (Rc )

(5)

This simple model however is only one part of the truth. The drop in the luminosity
calculated from the above formula should be considered as a lower limit due to additional
emission coming from the NS, either because there may be a leakage through the inhibiting
barrier, or direct thermal emission from the neutron star surface itself.
1.3.2

Physics of the propeller effect

It should be clear that accretion is the most efficient way of producing X-ray emission of the
observed scale, and since the massive counterparts in our systems of interest are massive OB
stars, the accreting material originates from the strong stellar winds produced on the surface of
the stars. For the luminosity to reach its observed value of 1037 ergs−1 , from the fall of matter
onto the surface of a neutron star, an accretion of 10−9 M yr−1 is required. This surprisingly
moderate rate can be provided in several ways from the massive companion of the neutron star,
but we will only investigate accretion via stellar wind.
Assume a neutron star of mass mN S passing through a gas density ρ, at a relative speed of
urel . Bondi and Hoyle in 1944 considered this system and outlined its characteristics assuming
a supersonic urel as we discussed above. We can now imagine a cylinder with a radius that can
be compared to the accretion radius
raccr =

2GmN S
,
u2rel

(6)

filled with material from the incoming wind. As this material passes through the tail shock, it
loses some energy and starts to fall towards the neutron star. If for now we forget about the
complex area near the magnetosphere, we can assume a mass accretion rate of
2
Raccr = πζraccr
urel ρ,

(7)

where ζ is a term introduced to correct for some assumptions we make as the material flows
through the tail shock(finite cooling time), and is less than unity. Eddington showed, in 1926,
that ζ is a function of the luminosity of the pulsar , and introduces a self limiting effect as LN S
approaches 1038 erg/s.

Fig5: Schematic diagram of Bondi Hoyle accretion flow. Cold gas which is uniformly distributed, is attracted by the gravity of the compact object and forms an accretion line as it is
being accumulated behind it
.
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The systems under consideration are good examples of stellar-wind powered accretion binaries, assuming that the material makes it all the way on the NS surface. As we see in the
figure, above the material losing energy starts falling inwards, within a conical tail shock, up
until a small radius. As it approaches the magnetic field lines, the pressure of the magnetic
field exceeds that of the material, and the magnetic lines drag part of the material with the as
they co-rotate with the NS. As we saw we can estimate the magnetospheric radius if we equate
the two kinds of pressures. Calculating the radius of the synchronous orbit, Davidson and
Ostriker showed, in 1973, that if these systems were spinning faster, centrifugal forces from the
co-rotating magnetosphere, would inhibit accretion and stop the production of X-rays. They
also showed that we can invent mechanisms (infused braking torque from the material flunging
out of the system or vise versa) which can adjust the spinning rate, limiting both the lower and
the upper values it can achieve.
Let’s put all these in order so that we can recognize the prerequisites for each regime to
occur. We can identify two kinds of inhibition. First, the torque acting via the accretion disk
onto the NS, can increase the X-ray pulsar spinning frequency on short time scales(100-1000
yr) up until the point where an equilibrium has been reached.Thus, the centrifugal force close
to the magnetosphere can prohibit the accretion. On the other hand when the NS is young,
and rapidly spinning, the magnetospheric radius can exceed the corotation radius and infuse
a braking torque that will propel away most of the material. Heretofore we have mentioned
3 characteristic radii that play a crucial role in the theory of stellar wind accretion onto a
magnetized NS:
• The accretion radius ra which can be expressed as(Bondi and Hoyle):
ra = 4GMN S /u20

(8)

where u0 is the velocity of the wind. The accretion radius represents the impact parameter
for the neutron star to capture material from its surrounding wind.
• The magnetospheric radius which is given in the form of an equation of the magnetic field
pressure and the ram pressure of the plasma being accreted:
B(rm )2 /8π = ρ(rm )u(rm )2 .

(9)

In the above equation the left hand side corresponds to the magnetic field of the neutron
star, whereas the left hand side terms are the density and velocity of the accreting plasma.
The magnetospheric radius indicates the area in which the magnetic field starts to control
the dynamics of the flow.
• The corotation radius rc , is derived after we equate the pulsar corotation velocity to the
Keplerian one:
rc = (GMN S Ps2 /4π 2 )1/3
(10)
We can identify 4 regimes of interest corresponding to relative dimensions of these radii
but we will only inspect the propeller regime, where the magnetic inhibition of accretion takes
place. For this to happen the magnetospheric radius(rm ) need to be greater than the accretion
radius(ra ). If so, the magnetosphere will act as an obstacle, making the stellar wind material
flow around it without being able to penetrate it and fall on the surface of the neutron star
apart from some insignificant quantity. Things become more interesting if we assume ra = rm
because thusly we can calculate the limiting luminosity after which the material from the wind
will be able to penetrate the magnetosphere (eq.13). Furthermore, for accretion to happen we
need also rc > rm . This condition leads to an inequality concerning the pulse period:
Ps > 9 × 10

3

MN S
1.4M

!
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u0
8
10 cms−1

−3

s.

(11)

It also enables the magnetic inhibition of accretion to occur before the centrifugal inhibition,
since it ensures that the spinning neutron star rotates slowly enough and the centrifugal barrier
does not have enough time to act. These two limiting cases for luminosity and pulse period
define the so-called ”propeller regime” in which magnetic inhibition of accretion occurs.
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2

Observations and survey area

The observations we worked on were obtained from fields four and seven of the SMC with
Chandra. Field four corresponds to the Wing Region, whereas field seven to the Bar. The
survey was conducted between 2012 to 2014 with an exposure time of 100 ks per field. The
same team studied all 14 fields.
The fields under consideration may overlap with each other to varying degrees. Due to
Chandra’s observing constraints, the 100ks time had to be separated in 2 or 3 segments. To
achieve the best results possible, when observations were close in time, they were stacked.
The Catalog from which I took some of the measurements, resulted from the cross correlation
of the Chandra source list with list of 0B stars. This gives us a list of candidate HMXBs in the
SMC(Antoniou Zezas et al.2018)
region.png

Fig6: Our survey area of the SMC. the down left of the image depicts the Wing whereas the
rest is the Bar of the SMC.(Zezas A.)
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Course of the Project
What we basically did in our project was to follow the procedure from the paper of Shtykovskiy
and Gilfanov for the SMC(instead of the LMC) with some changes in the second part. The first
part was to review their method and reproduce the results for our data. In the next section I
will cite the key-elements of their research and present the reproduced results for the SMC.
In the second part we change some aspects of the theory of Shtykovskiy and Gilfanov(S& G).
In particular we changed the distribution of periods with a more detailed one, that was fitted
on our data of spin periods, and tuned a couple of parameters in the log gaussian distribution
of the magnetic fields to find the magnetic field distribution with which the observations agree
with the most.
I will conclude my thesis by presenting the results, compare them with the observations,
and propose the next step in the endeavor to understand the phenomena governing these exotic
objects

3

Part 1:Reproducing the results for the SMC

In their paper (S& G) study the population of compact objects in the LMC and particularly
their luminosity function, in search of observational evidence for the existence of the propeller
effect. Since the procedure I followed is the same I will go straight at explaining how I implemented their theory on our data.

3.1

Modeling the XLF of the SMC

Due to its proximity, the SMC is an ideal target in which the weakest sources become reachable
within a reasonable time interval. This poses a great opportunity for observing sources at the
lower end of the luminosity function, where the propeller effect is thought to take place(the
more intense the luminosity, the more difficult it is for the magnetic field to stop the flow).
Taking also in account its abundance of HMXBs sources, combined with its close proximity it
offers a unique opportunity to obtain a rich dataset of objects we do not yet fully understand,
with a fair amount of detail.
Expression of the XLF
Before we begin to decompose the XLF to inspect its parts individually it is instructive to
present the expression of XLF we use. In the generally accepted picture the accretion occurs in
narrow area of the magnetospheric region Rm . The location of this area is specified by the NS
magnetic field pressure being in balance with the pressure of the accreting matter. With some
uncertainty (because of our lack of knowledge in the area of disk-magnetosphere interaction)
Rm is defined(Lamb et al. 1973):
10/7

Rm = 1.4 × 109 R6

1/7

4/7

−2.7
M1.4 B12 L35

(12)

measured in cm. The R6 term is the NS radius in units of 106 cm, M1.4 is the NS mass divided
by 1.4 solar masses, B12 is the magnetic field strength measured at the surface in units of 101 2
Gauss and L35 is X-ray luminosity in units of 1035 erg/s.
There is a parameter on which the disk-magnetosphere interaction is heavily dependent. It
is called the fastness parameter and it is defined as:
ω=

Ω∗
ΩK (Rm )
12

(13)

where |Omega∗ is the NS spin frequency and the denominator is the Keplerian frequency at
the magnetospheric radius. When ω > 1 (this happens at low mass accretion rates) the flow
of accreting matter towards the NS will be hindered by the magnetospere exerting centrifugal
force, and thus mass can be removed from the system due to the ”propeller effect”.
If we know the value of ω for which the propeller effect occurs,one can compute the critical
luminosity using equation (3):
−7/3

−2/3

2
−7/3 5
P100
R6 M1.4 B12
LX,prop = 3.4 × 1033 ωprop

(14)

measured in erg/s. The P100 corresponds to the spin period of the neutron star in units of 100
s and ωprop is the critical value of ω for which the ”propeller effect” occurs and The luminosity
becomes critical. Given these parameters LX is the lowest possible X-ray luminosity for the
binary system. However it has been suggested later that considering our lack of understanding
for the disk-magnetosphere
interaction we shall consider the appropriate propeller regime to be
√
at ω > 2

3.2

The propeller parameter:f(L)

The above lower limit set by the propeller effect is expected to have an impact on the shape of
the luminosity function of HMXBs, leading to a deficit of low-luminosity sources. The modified
XLF is then written as:
!
dN
dN
=
f (L)
(15)
dL
dL 0
where the factor f (L) depending on the luminosity, represents the impact of the propeller effect.
The other term is the undisturbed luminosity function and it is defined as:
dN
dL

!

dN
dṀ

=
0

!

RN S
GMN S



(16)

It is the distribution of the binary systems over the Mass transfer rate, and a function of
parameters of the optical companion as well as of the distribution of the binary system.
The propeller effect term, f (L), is given by:
f (L) =

ZZ

dn dn
Θ(L − Lprop (P, B)) dP dB
dP dB

(17)

dn
dn
where Θ(x) is the Heavyside step function and dB
, dP
are the distributions of the magnetic
field and the spin periods of the HMXBs normalized to unity respectively. We use eq(3) to
compute Lprop and assume that all NS have the same mass and radius. In Part 2 of the project
we will change both these distributions from the original paper.
For the undisturbed term we uses the universal LF of HMXBs derived by Grimm et al.(2003):

dN
dL

3.3

!

= AL−1.6

(18)

0

Spin period and magnetic field distributions

For now we will maintain the original forms of the distributions for P and B. For P, in seconds,
we have:
dn
n0
=
,
Pmin < P < Pmax .
(19)
dP
1 + P/5 + (P/300)4
The above expression is an empirical function plotted on data of the spin periods of HMXBs
in the SMC(Corbet et al. 2004). From the same paper we obtain the expression for the
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distribution of magnetic field to use in our calculation of f (L) after we approximate another
set of observations. The expression for the distribution, approximated by the log-Gaussian, is:
!

dn
(log B − log B0 )2
,
= n0 exp −
dB
2σB2

Bmin < B < Bmax

(20)

where log (B0 ) = 12.4 and σB = 0.2.
We now present graphically the two distributions. The first graph shows the distribution
of spin periods (Coburn et al. 2004) and the second presents the distribution for the magnetic
field from our data for the SMC. Keep in mind however that the spin period distribution was
approximated while having only 8 measurements in our disposal:

Fig7: The log-gaussian magnetic field distribution used to approximate our data

Fig8: Spin Period distribution(Corbet et al.2004).
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After plugging the two distributions back in f(L) we obtain he following graph:

Fig9: Impact of the propeller effect on the XLF
The shape of the luminosity function is as expected, under the influence of the propeller
effect. It starts from zero and rises almost vertically as the luminosity approaches its limiting
value. This is a strong indication that the HMXB population in the SMC is subject to the
”propeller effect” which slowly shifts from the domain of theory to actual observable impact.
However it is interesting to see, now that we have formalized our discussion, whether some
changes in the distribution of spin periods and magnetic fields will alter the key-characteristics
of the XLF(braking point etc).
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4

Part 2: XLF remodeling after term’s consideration

In the second part of our project we tampered with the expression of the XLF as we encountered
it before, and specifically with the propeller factor. By completely changing the form of the Pspin
distribution, and tuning the parameters of the magnetic field distribution we aim to discover
a more appropriate model to describe the effect as well as a new diagnostic tool to probe the
magnetic field. We then plot the luminosity function anew, taking the new distributions into
consideration, and compare it with the results we developed in the first part.

4.1

The spin period distribution

As we discussed, the previously used approximation for the spin period distribution was not
correct, since it used only 8 points with big errors. To assume a new underlying shape for
our distribution, it is instructive to look at a histogram of the measurements made since then.
Borrowed from a paper of Knigge, the graph bellow depicts the histogram of the spin period
measurements. It is evident that when more measurements are taken into consideration, the
previous model that was used, becomes all the more insufficient.

Fig10: Histogram of the spin period measurements. There is a clear hint of two peaks, one
sharp, around 7s and the other, a wider one, around 170-180s(Knigge et al.).The measurements
correspond to spin periods of BeXs(a type of HMXBs) from the SMC. The bold line depicts
the confirmed sources whereas the thinner one includes also the candidates.
By using the statistic’s package ”Sherpa”, we approximate our data with a double gaussian.
The fitting parameters we obtain are the two amplitudes of the gaussians, the two positions
and the two full widths at half maximum of each one. The fitted distribution agrees really well
with our data, as well as with the estimation of parameters from a similar fitting by Knigge et
al, and has the following form:
dn
dP

!
f it

1
= 1.292 exp(−
2

(x − 7.37)

!2

14.07
2.355
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1
) + 0.16 exp(−
2

(x − 169.047)
276.31
2.355

!2

)

(21)

with the corresponding graph:

Fig11: Fitted bimodal model on the Pspin data. We can relate the sharp peak with the iron-core
collapse population and the second with the electron-capture one.
Obviously the structure of the fit corresponds to the histogram and as it will be shown subsequently, it is more appropriate than the model used in the paper of Shtykovskyi and Gilfanov.
Apart from this however, the new model for the spin periods has an underlying implication
concerning the nature of the sources. It is known that there are two kinds of supernova responsible for most of the neutron stars created in the universe. The most common one, iron
core collapse supernovae, in which a degenerate iron core that surpasses the Chandrasekhar
limit and implodes under its own gravity. The other type, electron-capture supernovae, created
during the collapse of an oxygen-neon-magnesium core that undergoes a loss of pressure due
to the capture of electrons by neon or magnesium cores. There had been no way to distinguish
between types up until the time the new model for spin periods was proposed. It is thought
however, that we can link the the electron-capture supernovae with systems that exhibit a
shorter spin period due to the smaller initial mass.
It is clear that there will be a difference in the value of the luminosity cutoff from the
original work of Shtykovskyi and Gilfanov that stems from the newly proposed model. In the
following section we shall investigate whether this change ameliorates the agreement of the new
XLF with the observations.

4.2

Impact of the new model on the HMXB XLF:Comparison with
the old model

From the fit we can assume that the double gaussian is a good approximation for our observations. Also the dataset this model is fitted on, is bigger than the previous one(where the
empirical distribution was used). Furthermore the empirical result is sensitive to the size of
the dataset and with small additions it seems to deviate from the form we had in mind. We
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can now assume the new model as the underlying distribution of spin periods and move on to
calculate the magnetic field parameters.
Before we proceed however it is instructive to see how much the luminosity functions will
differ under the light of the two models. We construct a graph in which we have normalized
the two luminosity functions so that we can see the real difference of the two models:

Fig10: Comparing the XLFs with the different models. The green one, is the XLF produced
after we implemented the double Gaussian model for the spin periods whereas the red one is
the same as before. We have assumed the same parameters for the magnetic fields distribution
in both cases.
We cam clearly see that the cut-off point has moved almost two orders of magnitude towards
greater values, thus shifting the threshold luminosity to even greater extent. This implies
that the magnetic inhibition of accretion will continue even after our system has reached even
higher values of luminosities than previously expected. This could shed light in the materialmagnetosphere interaction since it could present an opportunity to study it under even more
extreme cases.

4.3

Probing the Magnetic Field.

Now that we have a more solid base for our Pspin distribution, we can appropriately probe the
magnetic field one. In the process we will tamper with the value of ÎŠ0 which is the amplitude
of the distribution, and σ, the distribution’s standard deviation. By simultaneously changing
the values of these parameters, we can study the behavior of the XLF and see how much the
cut-off luminosity changes. The following graphs add one extra line at a time so that we can
gradually witness the shifting, or not, of the XLF. Every new line appearing on the graph will
be drawn in black whereas the old ones will appear in purple.
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B0 = 5 × 1012 and σ = 0.2

B0 = 5 × 1012 and σ = 0.5

B0 = 2 × 1012 and σ = 0.2
The first three graphs indicate something interesting. As we keep the magnetic field between
2 − 5 × 1012 Gauss the breaking luminosity does not change dramatically. When plugging in a
different σ (graph2) we see a close deviation from the green line and even though the break in
the luminosity is smoother it still starts at the same values as before. Also it is instructive that
for B0 between 2 − 5 × 1012 Gauss the curves engulf the reference line. The next three lines
will point out how the curves shift as we further change the amplitude of the magnetic field.
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B0 = 5 × 1011 and σ = 0.5

B0 = 1012 and σ = 0.5

B0 = 1012 and σ = 0.2
Again we see the same pattern. There has been an overall shift to the left due to the
decrease of the magnetic field. This is reasonable. As the magnetic field gets weaker, the
magnetic inhibition of accretion(the ”propeller effect”) won’t be as effective. The important
thing to observe here is the difference in the value of the critical luminosity. We see that
for changes of almost 1 order of magnitude in the magnetic field amplitude, the value of the
break has decreased almost 2 orders of magnitude. This alone does not seem important. When
compared with observations however, it could be instructive in a very interesting way. It could
indicate false and correct parameters of the magnetic field distribution, thus enabling us to test
and dismiss models of magnetic fields distributions with a single comparison with observations.
Next we will test three of our models to the set of observations obtained from Chandra(Section
2).

4.4

Comparison with observations.

In order to develop a complete diagnostic tool with which we can approximate the magnetic
field in HMXBs, we have to compare some of the curves we obtained for different parameters
of the magnetic field amplitude and standard deviation, with a set of observations. The most
visually enlightening way is to compare the cumulative distribution functions(CDFs) of the data
and the model for different values of the magnetic field parameters. We start with our initial
distribution for the magnetic fields(B0 = 2.5 × 1012 and σ = 0.2), find its CDF and compare
it with the one obtained from the observations. The result of this comparison is shown in the
next graph:
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Fig11: Comparison of the CDFs obtained from the observations and the reference model.
As we can see the two curves agree qualitatively and so we cannot dismiss the distribution
of magnetic fields obtained from the given parameters. In the next graph however one of the
previous model can be dismissed via our new diagnostic tool:

Fig12: Comparison of the CDFs obtained from the observations and three other models
It is clear from the figure above, that the black line and hence the corresponding model for
the distribution of magnetic fields, can be dismissed since it fails to follow the observations.

21

5

Conclusion

In this project we probed the issue of the break that appears in the X-ray Luminosity function
of High Mass X-ray Binary systems, by assuming that the propeller effect is the main cause
of this break. By inhibiting the fall of material onto the surface of the compact object via the
strength of its magnetic field, we showed that the propeller factor induced in the expression of
the XLF can amount to the deficit in low luminosity sources observed. We changed the model
used for the spin periods, with a more accurate one fitted on the observations. After that we
calculated the difference between the XLFs obtained via the two models. Under the light of the
new model we acquire a new diagnostic tool for studying the magnetic field in such systems.
Using this new tool we tamper with the magnetic field parameters in order to find the one closer
to our observations as well as to see the sensitivity of the magnetic field with small changes.
We encounter some interesting results and conclude by comparing the cumulative distribution
functions of some representative models, to that of the observations.
Even though our study is not definitive, we have made yet another leap towards understanding the impact of the propeller effect in the luminosity function. Its existence slips even further
towards reality, even though the overall break is believed to be the result of a combination of
reasons. Another strong candidate explaining the luminosity cutoff, comes from the theory of
eccentric orbits. This theory states that since the orbit of the compact object can be highly
eccentric, the NS will emit only when close to the donor star. However from Kepler’s second
law we know that the compact object will pass most of its time away from the donor star, thus
it will not emit as expected. Our lack of knowledge on the density of the wind and the velocity
profile of the material around the donor star however make this a more difficult project than
the one we approached here. It is interesting though to see how these two ways can possibly
intertwine(if they do) to give us a collected result for the phenomenon we observe.
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