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The neutron stars are unique objects to study properties of matter under extreme 

conditions. In fact, they are as dense as nuclear nuclei, at the same time they 

possess the highest magnetic fields in the Universe. Accreting millisecond pulsars 

are neutron stars in binary systems with optical companions. The companion feeds 

the compact object with matter, which accelerate the pulsar’s rotational velocity. 

It finally reaches a period of a few milliseconds. 

In this thesis, I performed a systematic spectral analysis of the full sample of ac- 

creting millisecond X-ray pulsars (AMXPs) observed in the broad energy range. 

Particularly, I reduced all available data obtained by the NuSTAR observatory. To 

widen the energy range, observations done by Swift/XRT or XMM-Newton observa- 

tories were added. The spectra are modelled with Comptonization model compps . 

It allowed to fit successfully spectra of different AMXPs with only a few exceptions. 

For the sources where the model did not work correctly, it was possible to have a 

better result simply by adding a diskbb component to the compps one without 

the necessity to complicate the final model with more components. It was possible 

to show some correlation between spectral parameters and the source luminosity. 

Moreover, as the compps model has a gravitational redshift z as a parameter, I 

compared the values obtained when it was fixed at 0 and when it was fixed at 

a more physically motivated value of 0.26. The redshift change increased the seed 

photon temperature k Tbb 

by approximately 30%. Also, the normalisation parameter 

decreased because the estimated radius source decreased with the redshift. 
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1 Introduction 

The neutron stars (NSs) are one of the densest object in the Universe. By fitting 

the spectra obtained with observations of NSs, it is possible to access the physical 

properties of these objects. It is interesting for science because it gives access to 

an object as dense as atomic nucleus with a magnetic field which is impossible to 

reproduce in laboratory. The NSs are composed of a core surrounded by a thin crust 

composed of neutron rich nuclei. 

The accreting millisecond X-ray pulsars (AMXPs) are a subclass of highly mag- 

netised NSs which have a short rotational period in the order of milliseconds. They 

reside in old binary systems accreting matter from their companions leading to a 

growth of their rotational frequency after the initial slow down. It was in 1998 the 

X-ray transient SAX J1808.4–3658 was classified as the first AMXP by Rudy Wi- 

jnands and Michiel van der Klis [1]. This source was first observed in 1996 by the 

Rossi X-ray Timing Explorer. There is approximately 20 known AMXPs discovered 

during the past 2 decades. It is very few compared to the amount of radio pulsars 

already discovered by the different observatories. 

In this thesis I will try to answer the question: Is it possible to fit all the AMXPs 

by using only one physical model? I will do it by taking a sample composed of 

AMXPs observations done by the NuSTAR observatory. In fact, NuSTAR allows 

to analyse the hard X-ray spectra between 3 and 78 keV. For the model, I will take 

the compps comptonization model which is often used to fit the AMXPs spectra. 

Due to the strong gravity at the NS surface, the photons energy is gravitationally 

redshifted, the fact which is often ignored in the literature. The compps model 

allows to fit a redshift value. I will also try to answer the question: Is it reasonable 

to let this parameter to be free or it is better to fix it at some specific value?
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2 The millisecond pulsars 

2.1 Neutron stars 

A NS is the remnant collapsed core of a massive star (M ≳ 8 M⊙). At the end of its 

life, the center of a massive star has fused all elements lighter than iron, then there 

is an iron core held up by electron degeneracy pressure. When the core mass excess 

the Chandrasekhar mass ( ∼ 1.4 M⊙), it starts to collapse because the pressure is not 

anymore sufficient to assure the hydro-static equilibrium. During the collapse, the 

core radius decreases, so its density ρ increases. When the collapse begins, ρ ∼ 106 

g cm− 3. The neutronization begins at ρ ∼ 107 g cm− 3. Then, the nuclei in the core 

become neutron rich and because the density continues to increase, the neutrons 

start to become free. At ρ ∼ 1010 g cm− 3, the neutron degeneracy pressure becomes 

important. It is this pressure which halt the collapse when ρ ∼ 1014 g cm− 3. At this 

stage, the mass is about 1.4 M⊙ 

for a radius of 10 km. A NS is composed of an inner 

core, where the density exceeds the standard nuclear one. Its exact composition 

is unknown. The outer core is composed of neutrons and protons in Fermi liquid. 

Electrons, neutrons and nuclei can be found in the crust. 

The NSs have one of the highest magnetic field in the Universe. In fact, the 

initial stellar magnetic field is amplifying during its collapse and finally reaches 

a value about 1012 G. As the angular momentum L = I ω is conserved and the 

moment of inertia I is proportional to M R2, the NSs have a very high spin angular 

frequency due to their compactness. The high rotation speed and magnetic field 

strength allow an intense Lorentz force which will extract positrons and electrons 

from the NSs surface. Due to the particles extractions, a synchrotron emission is 

emitted from the NSs. It is visible in the radio band. The rotational energy of the
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NSs will decrease with time due to the magnetic dipole radiation:

  P_{\rm {rad}} = \dfrac {2}{3 c^{3}} \: (BR^{3} \sin {\alpha })^{2} \: \left (\dfrac {2 \pi }{P}\right )^{4} , 











 












 

(1) 

where c is the speed of light, B the magnetic field strength, R the NS radius and P 

its spin period. The rotational energy loss is:

  \Dot {E} = - \dfrac {4 \pi ^{2} I \Dot {P}}{P^{3}} . 

 







 

(2) 

We can then relate the magnetic field strength B with the spin period P and its 

time derivative:

  B \propto \sqrt {P\Dot {P}}. 







 

 

(3) 

So, it is possible to follow the evolution of a NS by using a P − Ṗ diagram (Figure 1). 

A NS borns in the left part with a fast spin period and strong magnetic field. Then, 

the spin period increases with time. The NS evolves to the right of the diagram. 

When the NS rotates too slowly to assure enough power for the emission, it enters 

the so-called "graveyard" (Bottom right in the P − Ṗ diagram, Figure 1) where it 

is not visible any more.
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Figure 1: Evolution of pulsars in the P − Ṗ diagram for different initial magnetic 

fields. The dotted line delimits the graveyard in the bottom right [2].
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Figure 2: Evolution of a typical binary system where the stars are created together. 

Masses are given in solar masses. ZAMS = Zero Age Main Sequence [3]. 

2.2 X-ray binary systems 

The X-ray binaries are systems where a compact object such as a NS or a black 

hole accretes matter from another star. The stars in an X-ray binary system are 

generally born together. Then, they evolve together until one of them (the most 

massive) becomes a NS after a supernova explosion (Figure 2). 

In a dense stellar region like clusters, an isolated NS can also capture another 

star to form a binary system by tidal capture. Let’s consider a compact star of mass 

m , a target star of mass M and radius R . Their relative velocity is v . The relative
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kinetic energy of the system is:

  E_{k} = \dfrac {1}{2} \: \dfrac {Mm}{M+m} \: v^{2}. 















 



 

(4) 

When approaching the target star, a tidal bulge will be formed on the compact star. 

Its mass is mt 

and its height is h . The potential energy of the bulge is:

  E_{t} \sim m_t \: \dfrac {GM}{R^{2}} \: h. 













 

(5) 

The target star will capture the compact one if Et 

> Ek. 

The X-ray binary systems are divided mainly into two different categories: High 

mass (HMXB) and Low mass (LMXB). The High mass binaries have a high mass 

companion, like an O or B star. In contrary, the low mass binaries have small stars 

as companions, and as a rule such systems are much older. Concerning the orbital 

period, it is longer in HMXBs. In fact, as the companion star is bigger in a HMXB, 

its distance from the NS is higher. 

The matter between the two objects can be accreted in two ways (Figure 3): by 

Roche lobe overflow if the companion star is bigger than its Roche lobe (LMXBs). 

In that case, the matter fall into the compact one via the inner Lagrangian point. 

Due to the rotation of the system, the matter has a great angular momentum and 

starts to rotate around the NS creating an accretion disk. Another way to accrete 

matter is via wind. It happens if the companion star does not exceed its Roche lobe 

(HMXBs). In that case, a part of the matter lost by the companion is gravitationaly 

captured by the compact star.
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Figure 3: Typical HMXBs and LMXBs. In HMXB, the NS is fed by wind accretion 

and in LMXB it is mainly fed by Roche-lobe overflow [3].
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2.3 Millisecond pulsars 

The accreting millisecond pulsars are NSs in a binary system. So, after the NS has 

lost rotational power for emitting radiation and is in the graveyard, it can be fed 

by the accreted matter from its companion via Roche lobe overflow. Its spin period 

will decrease due to the angular momentum of the matter. The co-rotation radius 

of the NS is:

  R_{C} = \left (\dfrac {G \: M \: P^{2}}{4 \: \pi ^{2}}\right )^{1/3}, 







  









 

(6) 

where G is the gravitational constant, M the NS mass and P its spin period. The 

matter will accreate if this radius is greater than the Alfvén radius corresponding to 

the equilibrum between the ram pressure of the matter and the magnetic pressure:

  R_{A} = \left (\dfrac {B^{4} \: R^{12}}{8 \: G \: M \: \Dot {M}^{2}}\right )^{1/7}, 











  







 

(7) 

where B is the magnetic field strength, R - the NS radius and Ṁ - the accretion 

rate. A stable spin period is obtained when the both radii are the same: RA 

= RC . 

This period depends then on the magnetic field strength and the accretion rate as 

follow:

  P \propto B^{6/7} \: \Dot {M}^{-3/7}. 

  





 

(8) 

With the acceleration of its rotation, the pulsar evolves from the graveyard to the 

left of the P − Ṗ diagramm and becomes visible again as an accreting millisecond 

pulsar on the bottom left of Figure 1. 

The energy produced by the accretion of a mass m on a body surface of mass 

M and radius R is:

  E_{accretion} \sim \dfrac {G \: M \: m}{R}. 





 







 

(9) 

For the mass and radius of a typical NS ( R ∼ 10 km and M ∼ 1.4 M⊙), it gives: 

Eaccr etion 

∼ 1 . 9 · 1020 erg g− 1.
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After accreted about 0.1 M⊙, the period will be a few milliseconds [4]. This model 

is called the recycling scenario. 

The millisecond pulsars (MSP) have a weak magnetic field and their spin period 

is rapid compared to most of the pulsars. They can be separated in different systems 

depending of the target star’s mass and the orbital period ( Pb): 

• Ultra compact system with Pb 

≲ 80 minutes, the companion star is a white 

dwarf. 

• Compact system when 1.5 h ≲ Pb 

≲ 3 h, the companions are brown dwarfs. 

• Wider systems with 3.5 h ≲ Pb 

≲ 20 h and main sequence stars companions.
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2.4 Emission mechanism in AMXPs 

When the NS rotates around its companion star, it accretes some matter. Due to 

the extreme gravity of the NS, the matter (hydrogen) is accreted by Roche lobe 

overflow and create an accretion disk around the compact star. The hydrogen can 

also reach the surface then it is converted into helium which will be accumulated in 

a layer around the NS. When there is enough Helium around the star, an explosion 

heats the surface and an X-ray burst (Type I) is produced. Bursts are generally 

separate by time intervals from hours to days. Between those outbursts, the pulsar 

is in quiescence and its luminosity decreases. 

During the accretion phase, when the matter gets closer to the NS, a part of 

its mechanical energy is dissipated and emits a black-body spectrum. Generally, 

AMXPs present in their X-ray spectra one or two black body components and a 

comptonization one. Most of the time, this latest has cutoff energies which are 

linked to the electron temperature of the corona. In this situation, it is expected the 

hard comptonization photons from the cold accretion disk are reflected. Then, the 

reflection results in appearance of Iron lines in the spectra around 6-7 keV. The hard 

photons will also create a continuum spectrum if they hit the disk because they will 

be scattered by Thompson or Compton effect. It is the Compton hub and it could 

be seen in spectrum as an emission excess from 10 to 30 keV.
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2.5 The compps spectral model 

The compps spectral model was used to model the observations of the sample of 

AMXPs. It was developed by Juri Poutanen and Roland Svensson in 1996 [5]. The 

model has 19 parameters which are reported in table I. The goal is to solve the 

comptonization and the radiative transfer in a disk corona model for X-ray binaries 

(and also for the active galactic nuclei). A two phase disk-corona model is considered 

with a hot corona above an optically thick plane-parallel cold disk. The model can 

describe the hot corona as a plane-parallel slab, an hemisphere or a cylinder. The 

energy dissipation can both occur in the hot corona and in the cold disk. Following 

that, the radiation from the cold disk combines a radiation from the hot corona 

and a radiation due to energy dissipation in the cold disk ( Tdisk). The corona can 

include a background plasma or be a pure pair one. The electrons and positrons are 

assumed to have a Maxwellian distribution. 

This model allows to fix a gravitational redshift. As it is generally the case in 

literature, I fixed it at 0 (default parameter) for each observation in my first model. 

Nevertheless, due to the strong NSs gravitational field, the emitted photons are 

shifted by the gravitational redshift. In a second model, I fixed the redshift at a 

realistic value to be able to compare the new parameters values to the first ones. To 

calculate the redshift value, I considered the classical parameters for a NS: M ∼ 1.5 

M⊙ 

and R ∼ 12 km.
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Table I: Parameters for the compps model

 

Parameter name

 

Parameter

 

Unit

 

Initial

 

State of

 

symbol

 

value

 

the parameter

 

Electron temperature

 

k Te

 

keV

 

40

 

Free

 

Electron power-law index

 

Ele Index

 

2

 

Frozen

 

Minimum Lorentz factor

 

Gmin

 

-1

 

Frozen

 

Maximum Lorentz factor

 

Gmax

 

1000

 

Frozen

 

Temperature of soft photons

 

k Tbb

 

keV

 

1

 

Free

 

Vertical optical depth of the corona

 

τ

 

2

 

Free

 

Geometry (1)

 

geom

 

1 (2)

 

Frozen

 

Cosine of inclination angle

 

cos Incl

 

0.5

 

Frozen

 

Covering factor of cold clouds

 

cov frac

 

1

 

Frozen

 

Amount of reflection

 

rel refl

 

0

 

Frozen

 

Iron abundance

 

Fe ab

 

Solar

 

1

 

Frozen

 

Abundance of heavy elements

 

Me ab

 

Solar

 

1

 

Frozen

 

Disk ionization parameter

 

ξ

 

0

 

Frozen

 

Disk temperature for reflection

 

Tdisk

 

K

 

106

 

Frozen

 

Reflection emissivity law

 

Betor10

 

-10 (3)

 

Frozen

 

Inner radius of the disk

 

Rin

 

Schwarzschild

 

10

 

Frozen

 

Outer radius of the disk

 

Rout

 

Schwarzschild

 

1000

 

Frozen

 

Gravitational redshift

 

Redshift

 

0

 

Frozen

 

(1) Geometry to estimate the escape probability for the radiative transfer calculation (2) 

Slab geometry (3) Non-rotating disk 

The gravitational redshift z is given by:

  1 + z = \dfrac {1}{\sqrt {1-\dfrac {2 \: GM }{Rc^{2}}}}, \label {eq_redshift} 

  



















 

(10) 

where G is the gravitational constant, M - the mass of the NS, R - its radius and c 

- the light velocity: 

z ∼ 0 . 26 

In the second model, all the data and fixed parameters are the same as in the first 

one, with the exception of the gravitational redshift changed from 0 to 0.26.
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3 Observations and sample of sources 

3.1 Observatories and data reduction 

3.1.1 NuSTAR X-ray observatory 

The Nuclear Spectroscopic Telescope Array (NuSTAR) is a space X-ray observatory 

launched on the 13th June 2012. It is the first one focusing hard X-rays from 3 

to 79 keV. Two optics modules are on-board (OMA and OMB), composed of 133 

mirror shells. Each optical module is focusing emission to a corresponding focal 

plane module (FPMA and FPMB, respectively). The field of view covers a square 

of 12.2’ length with an angular resolution of 18”. The spectral resolution varies from 

400 eV at 10 keV to 900 eV at 68 keV. The event timing is about few milliseconds 

and the maximum readout of them is 400 s− 1. 

I used Nupipeline in Heasoft to reduce the data. The software version was 

heasoft-6.28 with Nupipeline 0.4.8, nustardas 2.0.0 and calibration data CALDB20210202. 

The spectra have been obtained with Nuproducts.

 

Figure 4: The NuSTAR observatory
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3.1.2 XMM-Newton observatory 

The XMM-Newton space observatory was launched by the European Space Agency 

on 10th December 1999. Its orbit is very elliptical and the distance to Earth varies 

from 7000 km at the perigee to 114 000 km at the apogee. It allows to work outside 

the Van Allen radiation belts. 3 instruments are on-board of XMM-Newton: 

• The European Photon Imaging Camera (EPIC) for X-ray imaging covering 

the 0.2-12 keV range with a Field Of View of 30’. Two types of CCD cameras 

composed the EPIC instrument: Two Metal Oxide Semiconductor (MOS) and 

a PN camera. Each MOS camera is composed of 7 CCDs and the PN camera 

- of 12 CCDs. 

• The Optical Monitor (OM): It is a co-aligned 30 cm UV / Optical telescope 

composed of 3 UV and 3 Optical filters covering the 180-600 nm range. This 

telescope is used to obtain simultaneous multi-wavelengths observations with 

XMM-Newton observatory. 

• The Reflection Grating Spectrometers (RGS) for X-ray spectroscopy covering 

the 0.33-2.5 keV range. 

For the XMM-Newton observations, I obtained the MOS spectra with the inter- 

active analysis tool on the XMM-Newton science archive website. As the PN spectra 

are not available for the online analysis, I used the Science Analysis Software (SAS) 

to reduce these observations. The SAS release used was the version 19.1.0 and I 

downloaded the calibration files on the website on the 11th May 2021.
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3.1.3 The Neil Gehrels Swift Observatory 

Swift was launched on 20th November 2004. The main purpose of the mission is 

to observe a large number of Gamma-Ray Bursts (GRB): Determine their origin, 

classify them and discover new types. Also, the hard X-ray survey of the sky has 

been performed by Swift. 

3 instruments of the Swift observatory: 

• The Burst Alert Telescope (BAT). It covers a hard X-ray band (15 - 150 keV) 

and it allows to detect the GRBs. 

• The X-ray Telescope (XRT) is aimed at studying the X-ray emission following 

the detections by BAT. It covers the energy range from 0.2 to 10 keV. 

• The Ultraviolet and Optical Telescope (UVOT) covering wavelengths from 170 

to 650 nm. 

I used the XRT data to broaden the NuSTAR energy range below 3 keV. The 

online tools were used to get the spectra from Swift/XRT observations. When it 

was impossible to get the spectrum online, I reduced the observations by using the 

XRT pipeline version 0.13.5 and XSelect version 2.4k in HEASoft.
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3.2 Data 

The sample is composed of all AMXPs already observed with the NuSTAR ob- 

servatory. It represents 13 sources from about 20 currently known AMXPs. The 

observations available for NuSTAR are reported in table II. A source can have multi- 

ple observations. Some of them are not in the sample if, after reduction, the spectra 

obtained did not allow to get an acceptable approximation due to low statistics. The 

transitional millisecond pulsars which were not in accretion-powered phase were ex- 

cluded: It includes PSR J1023 + 0038 in June 2013 [6] and XSS J12270 − 4859 [7]. To 

get the soft energy spectra below 3 keV, I used the Swift/XRT or the XMM-Newton 

observations. The available observations performed in a reasonable time compared 

to the NuSTAR ones (some days before or after) are also reported in table II. All 

the spectra were binned to achieve a minimum of 25 photons per bin.
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3.3 Description of the selected sources 

3.3.1 Swift J1756.9 − 2508 

Swift J1756.9 − 2508 is a low mass X-ray binary pulsar discovered in June 2007 with 

the BAT instrument of the Swift observatory. The companion star is an helium 

dominated white dwarf with a mass estimated to be between 0.0067 and 0.03 M⊙ 

[8]. In 2018, Sanna et al . estimated the magnetic field of the NS between 3.1 and 

4.6 · 108 G [9]. 

3.3.2 IGR J17591 − 2342 

IGR J17591 − 2342 was discovered during its outburst in June 2018 by INTEGRAL. 

Assuming the NS mass is 1.4 M⊙, the magnetic field is in the range 1 . 4 · 108 - 8 · 109 

G. The companion star is an old 8-12 Gyr main sequence star with mass estimated 

to be between 0.85 and 0.92 M⊙ 

[10]. 

3.3.3 IGR J00291+5934 

IGR J00291+5934 was detected during an outburst in December 2004 by INTE- 

GRAL. Assuming a 1.4 M⊙ 

NS, the companion star is probably a low mass (0.04 

M⊙ 

< M∗ 

< 0.16 M⊙) brown dwarf star. Torres et al . found a magnetic field strength 

smaller than 3 · 108 G [11]. 

3.3.4 IGR J1737.9 − 3747 

IGR J1737.9 − 3747 is an X-ray transient in a low mass binary system discovered by 

INTEGRAL on 17th February 2004. It was only catalogued as an AMXP in 2018 

[12]. The minimum companion mass is 0.055 M⊙ 

with a 1.4 M⊙ 

NS. This source 

has unusual strong pulsations and soft phases lags [13].
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3.3.5 IGR J17511 − 3057 

IGR J17511 − 3057 was discovered in 2009 by INTEGRAL. It is an AMXP in a 

binary system with a 3.47 h orbital period. The companion star has a mass between 

0.15 and 0.44 M⊙. The magnetic field is weaker than 3 . 5 · 108 G [14]. 

3.3.6 MAXI J0911 − 655 

MAXI J0911 − 655 was detected in the globular cluster NGC 2808 on 19th February 

2016 by the MAXI/GSC system. Few days later, the position was confirmed by 

the Burst Alert Telescope on boarded on Swift observatory. By assuming a NS of 

1.4 M⊙, the companion mass has been estimated greater than 0.024 M⊙. In 2017, 

Sanna et al . found it was compatible with a brown dwarf older than 5 · 109 years 

[15]. 

3.3.7 PSR J1023+0038 

PSR J1023+0038 was first detected by the FIRST survey (Faint Images of the Radio 

Sky at Twenty Centimeters) in 2002. At this moment, it was classified as a magnetic 

cataclysmic variable [16]. In 2009, following the survey of the Green Bank Telescope 

proceeded 2 years before, it was finally classified as a millisecond pulsar [17]. PSR 

J1023+0038 is in a binary system with a 0.2 M⊙ 

companion. The pulsar had an 

accretion disk in early 2000’s [17]. It is a transitional pulsar swinging between radio 

and X-ray phases. 

3.3.8 SAX J1748.9 − 2021 

SAX J1748.9 − 2021 was detected by BeppoSAX observatory during an X-ray activity 

monitoring in the galactic centre in 1998. The companion star should be a main 

sequence star with a mass between 0.85 and 1.1 M⊙ 

[18].
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3.3.9 SAX J1808.4 − 3658 

SAX J1808.4 − 3658 was observed for the first time by BeppoSAX in 1996. Its nature 

was unknown during 2 years until pulsations in the millisecond range were discovered 

in 1998 [1]. Following that, SAX J1808.4 − 3658 became the first known AMXP. In 

2001, Bildsten and Chakrabarty found the companion star was a brown dwarf with 

mass of 0.05 M⊙ 

[19]. 

3.3.10 Swift J1749.4 − 2807 

Swift J1749.4 − 2807 was detected during an X-ray burst in 2006 by the Swift/BAT 

instrument. It was classified as an accreting millisecond pulsar after an Rossi X- 

ray Timing Explorer observation on 14th April 2010 [20]. The companion has a 

minimum mass of 0.475 M⊙ 

with a NS of 1.4 M⊙ 

[21]. 

3.3.11 IGR J16597 − 3704 

IGR J16597 − 3704 is a transient source detected in October 2017 by INTEGRAL. 

The absence of eclipse in the light curve suggests an inclination smaller than 75o. 

With this inclination, and assuming a 1.4 M⊙ 

NS, the companion mass is greater 

than 0.0065 M⊙. The magnetic field is in the range 9 . 2 · 108 - 5 . 2 · 1010 G [22]. 

3.3.12 IGR J17062 − 6143 

IGR J17062 − 6143 is an AMXP in a compact binary system ( Por b 

∼ 38 minutes) 

discovered during an outburst in 2006. It presents long thermonuclear X-ray bursts 

compatible with a degenerate He dwarf companion [23]. Nevertheless, in 2018, 

another work suggested the surrounding is rich in oxygen and the donor could be a 

CO or a O-Ne-Mg white dwraf [24].
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Table III: Sample of the studied AMXPs

 

Source name

 

Coordinates

 

Pulse

 

Orbital

 

Distance

 

Distance

 

period

 

period

 

chosen

 

RA (J2000) / DEC (J2000)

 

(ms)

 

(h)

 

(kpc)

 

(kpc)

 

Swift J1756.9 − 2508

 

17h56m57s.35 / - 25o06’27”.8

 

5.51

 

0.91171

 

8.51

 

8.51

 

IGR J17591 − 2342

 

17h59m08s.79 / - 23o42’46”.7

 

1.92

 

8.80132

 

7.6+0 . 7 

− 0 . 7 

2

 

7.6

 

IGR J00291+5934

 

00h29m03s.06 / 59o34’19”.0

 

1.73

 

2.45673

 

2-44

 

3

 

IGR J1737.9 − 3747

 

17h37m58s.80 / - 37o46’19”.2

 

2.15

 

1.87945

 

∼ 8 . 55

 

8.5

 

IGR J17511 − 3057

 

17h51m08s.55 / - 30o57’41”.7

 

4.16

 

3.46886

 

< 6.97

 

6.96

 

MAXI J0911 − 655

 

09h12m02s.43 / - 64o52’06”.4

 

2.98

 

0.73898

 

9 . 45+0 . 13 

− 0 . 15 

9

 

9.58

 

PSR J1023+0038

 

10h23m47s.68 / 00o38’41”.0

 

1.6910

 

4.754310

 

1 . 368+0 . 042 

− 0 . 039 

10

 

1.37

 

SAX J1748.9 − 2021

 

17h48m52s.16 / - 20o21’32”.4

 

2.311

 

8.765311

 

8 . 1+1 . 3 

− 1 . 3 

12

 

8.511

 

SAX J1808.4 − 3658

 

18h08m27s.54 / - 36o58’44”.3

 

2.513

 

2.013613

 

3.4-3.6 

14

 

3.5

 

Swift J1749.4 − 2807

 

17h49m31s.94 / - 28o08’05”.8

 

1.915

 

8.816915

 

6 . 7+1 . 3 

− 1 . 3 

15

 

7

 

IGR J16597 − 3704

 

16h59m32s.90 / - 37o07’14”.3

 

9.516

 

0.766116

 

9.117

 

9.1

 

IGR J17062 − 6143

 

17h06m16s.29 / - 61o42’40”.6

 

6.118

 

0.632818

 

7 . 3+0 . 5 

− 0 . 5 

19

 

7.318

 

Coordinates resolved by SIMBAD (1) Estimate from the direction of the galactic center [9] 

(2) [25] (3) [26] (4) [11] (5) Distance unknown precisely. Estimate from the direction of the 

galactic center [13] (6) [14] (7) [27] (8) [15] (9) Distance of the cluster NGC 2808 [28] (10) 

[29] (11) [18] (12) [30] (13) [31] (14) [32] (15) [33] (16) [22] (17) Distance of cluster NGC 6256 

[34] (18) [23] (19) [35] 

4 Results and discussion 

The spectral fits obtained with XSPEC version 12.11.1 for each source are re- 

ported here. The compps continuum model was modified with the absorption 

component tbabs and a constant was added to take into account different nor- 

malisations of the data from different observatories. The final model in XSPEC is 

const*tbabs*compps . The constant is fixed at 1 for the FPMA NuSTAR data 

and kept free for the other ones. The tbabs component has a free hydrogen column 

density parameter ( NH). The parameters of the compps model are presented in 

table I. 

For a given observation, there are 2 plots corresponding to the different redshifts. 

The redshift fixed at 0 is showen on the left and the same parameter fixed at 0.26
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on the right. The value for each free parameter is reported in tables IV and V. For 

few sources, I added a diskbb component to the compps model when the latter 

alone did not allow to obtain a reasonable fit. In those cases, the parameters values 

are reported in tables VI and VII.
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Figure  5: Swift J1756.9 − 2508 2018 / Soft = XMM-Newton / Energy range: 2-10 

keV for MOS and 5-78 keV for NuSTAR / compps , z = 0 (left) and z = 0.26 (right). 

4.1 Results by source 

4.1.1 Swift J1756.9 − 2508 

NuSTAR observed this source 2 times, in 2018 and 2019. In 2021, Li et al . [36] 

analysed these observations. They used the same model as me, but their energy 

band was broader (they used INTEGRAL-ISGRI data for the hard band and NICER 

data for the soft X-ray band). For the 2018 data (Figure 5), I used the simultaneous 

XMM-Newton MOS observation as soft one. The XMM-Newton data below 2 keV 

were ignored as well as the NuSTAR data between 3 and 5 keV. I found NH 

= 

6.16+0 . 13 

− 0 . 13 

× 1022 cm− 2 , k Tbb 

= 0.87+0 . 02 

− 0 . 02 

keV and k Te 

= 32.0+1 . 0 

− 1 . 0 

keV. Li et al . found 

NH 

= 4.29+0 . 05 

− 0 . 05 

× 1022 cm− 2 , k Tbb 

= 0.79+0 . 01 

− 0 . 01 

keV and k Te 

= 41.6+0 . 7 

− 0 . 7 

keV. 

For the 2019 observation (Figure 6), a Swift/XRT observation was done one day 

after NuSTAR. All the available data were used. I found NH 

= 4.24+0 . 92 

− 0 . 59 

× 1022 

cm− 2 , k Tbb 

= 0.81+0 . 05 

− 0 . 06 

keV and k Te 

= 38.1+1 . 6 

− 1 . 5 

keV. Li et al . found NH 

= 4.17+0 . 12 

− 0 . 12 

× 1022 cm− 2, k Tbb 

= 0.67+0 . 02 

− 0 . 02 

keV and k Te 

= 44.6+1 . 3 

− 1 . 3 

keV.
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Figure  6: Swift J1756.9 − 2508 2019 / Soft = Swift/XRT / Energy range: 0.5-10 keV 

for XRT and 3-78 keV for NuSTAR / compps , z = 0 (left) and z = 0.26 (right). 

4.1.2 IGR J17591 − 2342 

In August 2018, NuSTAR observed the source two times in 4 days. 2 different 

Swift/XRT observations were performed one day after each NuSTAR observation. 

For the first observation (13th August), all the data available were used (0.5-10 keV 

for XRT and 3-78 keV for NuSTAR). I reduced the XRT observations with the XRT 

pipeline (Figure 7). The results are consistent with those obtained by Kuiper et al . 

in 2020 [25]. 

For the second NuSTAR observation done on 17th August (ID = 80301311002), 

errors occured when the energies below 3 keV are used from Swift/XRT data. The 

parameters values were significantly different and poorly constrained compared to 

the precedent observation or to the results obtained by Kuiper et al . . Following 

that, like Kuiper et al . did, I fitted this observation with the XMM-Newton data 

performed about 2 weeks after NuSTAR on 3r d September (Figure 8).



 

26

0.01

0.1

k
e
V

2
 (

P
h
o
to

n
s
 c

m
−

2
 s

−
1
 k

e
V

−
1
)

Unfolded Spectrum

102 5 20 50

−2

0

2

(d
a
ta

−
m

o
d
e
l)
/e

rr
o
r

Energy (keV)

julien  1−Oct−2021 00:47

0.01

0.1

k
e

V
2
 (

P
h

o
to

n
s
 c

m
−

2
 s

−
1
 k

e
V

−
1
)

Unfolded Spectrum

102 5 20 50

−2

0

2

(d
a

ta
−

m
o

d
e

l)
/e

rr
o

r

Energy (keV)

julien 13−Oct−2021 15:28

 

Figure  7: IGR J17591 − 2342 13th August 2018 / Soft = Swift/XRT / Energy range: 

0.5-10 keV for XRT and 3-78 keV for NuSTAR / compps , z = 0 (left) and z = 0.26 

(right).
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Figure  8: IGR J17591 − 2342 17th August 2018 / Soft = XMM-Newton / Energy 

range: 1.3-10 keV for MOS and 3-78 keV for NuSTAR / compps , z = 0 (left) and 

z = 0.26 (right).
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Figure  9: IGR J00291+5934 / Soft data = Swift/XRT / Energy range: 0.7-10 keV 

for XRT and 3-78 keV for NuSTAR / compps , z = 0 (left) and z = 0.26 (right). 

4.1.3 IGR J00291+5934 

NuSTAR observed the source one day before Swift in July 2015. All the parameters 

are constrained by combining the both observations (Figure 9). All the data available 

were used (0.7-10 keV for XRT WT and 3-78 keV for NuSTAR). In their work, Sanna 

et al . [37] fitted this NuSTAR observation by using an XMM-Newton one for soft 

data. The model was tbabs*(gaussian+gaussian+bbody+nthcomp) . The 

gaussian lines are at 6.47 and 2.24 keV, they fixed the NH 

and k Te 

parameters at 

0.226 × 1022 cm− 2 and 28.8 keV respectively. I found NH 

= 0.44+0 . 06 

− 0 . 05 

× 1022 cm− 2 

and k Te 

= 44.5+2 . 4 

− 1 . 9 

keV.
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Figure 10: IGR J1737.9 − 3747 / Soft = XMM-Newton / Energy range: 1.3-10 keV 

for PN 3-78 keV for NuSTAR / compps , z = 0 (left) and z = 0.26 (right). 

4.1.4 IGR J1737.9 − 3747 

XMM-Newton observed this source one day before NuSTAR in 2018. The MOS 

data is not available for an online analysis on the XMM-Newton archive website. 

Then, I used the PN observation (reduced by using SAS). The energy range selected 

was 1.3-10 keV for XMM-Newton and 3-78 keV for NuSTAR. Swift/XRT observed 

it the same day as NuSTAR, but the spectrum does not allow to fit the data. The 

compps model allows to constrain all the parameters (Figure 10). Sanna et al . in 

2018 [38] analysed the XMM-Newton observation. The model used was const × 

tbabs × [diskbb + nthcomp] . The electron temperature k Te 

was fixed at 30 

keV. I found k Te 

= 57.2+4 . 1 

− 4 . 0 

keV by using a larger energy band than Sanna et al . . 

The luminosity of this source is about 1035 erg s− 1.
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Figure  11: IGR J17511 − 3057 / Soft = Swift/XRT / Energy range: 1.3-10 XRT, 

3-78 keV NuSTAR / compps , z = 0 (left) and z = 0.26 (right). 

4.1.5 IGR J17511 − 3057 

NuSTAR observed this source on 8th April 2015. A Swift/XRT observation was 

performed on the same day. I used the soft data between 1.3 and 10 keV (Figure 

11). The optical depth parameter τ was fixed at 1.5 for this source because it was 

impossible to constrain it at some meaningful value.
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(a)  obs 90201024002 May 2016
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(b)  obs 90201042002 November 2016 

Figure 12: MAXI J0911 − 655 / Soft = Swift/XRT / Energy range: 0.5-10 keV 

Swift/XRT 3-78 keV NuSTAR / compps , z = 0 (left) and z = 0.26 (right). 

4.1.6 MAXI J0911 − 655 

NuSTAR observed this source 2 times in 2016 (in May and in November). Two 

Swift observations did the same day as NuSTAR were used to get the soft data 

(Figure 12). All the data available were used. The hydrogen column density is not 

constrained in both observations. The 3 σ upper limit is smaller with a redshift 

fixed at 0 ( NH 

< 0.1 1022 cm− 2 for z = 0 and NH 

< 1.5 1022 cm− 2 for z = 0.26).
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Figure  13: PSR J1023+0038 October 2013 / Soft data = Swift/XRT / Energy range: 

0.5-10 keV for Soft data and 3-78 keV for NuSTAR / compps , z = 0 (left) and z = 

0.26 (right). 

4.1.7 PSR J1023+0038 

There are 6 NuSTAR observations between June 2013 and 2018. This source was in 

a LMXB state from October 2013 to 2019. During this phase, it presented different 

X-ray states [6]. The NuSTAR observations between October 2013 and 2017 were 

done during a high luminosity mode ( L ∼ 7 × 1033 erg s− 1). In June 2013 (two 

observations) PSR J1023+0038 was in a MSP state ( L ∼ 1032 erg s− 1), so these 

observations are not in the sample. 

In October 2013 (Figure 13), a Swift observation was done a day before the 

NuSTAR one. In May 2016 (Figure 14), Swift observed the source simultaneously 

with NuSTAR. In June 2017 (Figure 16), the source was observed by Swift one day 

after NuSTAR. For these observations, the Swift data were used in soft band. For 

the observation done in May 2017 (Figure 15), XMM-Newton observed the source 

simultaneously with NuSTAR as well as Swift. The XMM-Newton data were used 

to fit the data since it has much better statistics. In all cases, all the data available 

were used and the hydrogen column density parameter cannot be constrained by 

the model ( NH 

< 1.5 1022 cm− 2 ).
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Figure  14: PSR J1023+0038 May 2016 / Soft = Swift/XRT / Energy range: 0.5-10 

keV for XRT and 3-78 keV for NuSTAR / compps , z = 0 (left) and z = 0.26 (right).
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Figure  15: PSR J1023+0038 May 2017 / Soft = XMM-Newton / Energy range: 

0.5-10 keV for MOS and 3-78 keV for NuSTAR / compps , z = 0 (left) and z = 0.26 

(right).
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Figure  16: PSR J1023+0038 June 2017 / Soft data = Swift/XRT / Energy range: 

0.5-10 keV for XRT and 3-78 keV for NuSTAR / compps , z = 0 (left) and z = 0.26 

(right).
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Figure  17: SAX J1748.9 − 2021 in 2017 / Soft = Swift/XRT / Energy range: 0.7-10 

keV for XRT and 3-78 keV for NuSTAR / compps , z = 0 (left) and z = 0.26 (right). 

4.1.8 SAX J1748.9 − 2021 

There are two observations for this source: One in 2015 and another one in 2017. 

For the 2017 observation (Figure 17), the Swift data allows to get a good fit together 

with the NuSTAR data. 

I did not include the 2015 observation in the sample. In fact, the best fit obtained 

presented issues with unusual parameters value (for example, the normalisation 

parameter was about 107 km2). In the literature, Pintore et al . in 2016 [39] modelled 

the 2015 XMM-Newton and INTEGRAL observations of this source. They found 

the source had an high X-ray burst activity which affected the persistent emission. 

They used a power-law and 6 gaussian components in addition to a diskbb and 

a nthComp component to be able to model the data.
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Figure  18: SAX J1808.4 − 3658 April 2015 / Soft data = Swift/XRT / Energy range: 

0.7-10 keV for XRT and 3-78 keV for NuSTAR / compps + diskbb , z = 0 (left) 

and z = 0.26 (right). 

4.1.9 SAX J1808.4 − 3658 

Three observations done by NuSTAR are available. In April, May 2015 and in 2019. 

In April 2015, it is not possible to fit well the data by using the XRT observation 

done the same day as the NuSTAR one without the diskbb component. In fact, 

residuals appear between 3 and 10 keV due to the reflection component. In 2019, Di 

Salvo et al . [40] also modelled this observation by using a diskbb component. The 

data below 1.3 keV were ignored (Figure 18). 

For the other observations (May 2015 and 2019, respectively Figures 19 and 20), a 

simultaneous Swift observation with NuSTAR is available and a diskbb component 

is not needed to obtain a good fit. The compps model is not able to constrain 

the hydrogen column density parameter. Moreover, due to residuals in this energy 

range, the Swift/XRT data between 8 and 10 keV were ignored for the observation 

done in 2019.
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Figure  19: SAX J1808.4 − 3658 May 2015 / Soft = Swift/XRT / Energy range: 0.5- 

10 keV for XRT and 3-78 keV for NuSTAR / compps , z = 0 (left) and z = 0.26 

(right).
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Figure  20: SAX J1808.4 − 3658 August 2019 / Soft = Swift/XRT / Energy range: 

0.7-8 keV for XRT and 3-78 keV for NuSTAR / compps , z = 0 (left) and z = 0.26 

(right).
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Figure  21: Swift J1749.4 − 2807 / Soft = XMM-Newton / Energy range: 1.5-8 keV 

for MOS and 5-78 keV for NuSTAR / compps , z = 0 (left) and z = 0.26 (right). 

4.1.10 Swift J1749.4 − 2807 

XMM-Newton observed this source on the same day as NuSTAR, on 4th March 

2021. Swift observed the source one month later, then I used the XMM-Newton 

data (Figure 21). The compps model allows to constrain all the parameters. Some 

energies range have been ignored: energies below 1.5 keV and above 8 keV for XMM- 

Newton and below 5 keV for NuSTAR.
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Figure 22: IGR J16597 − 3704 / Soft: Swift/XRT / Energy range: 1.5-10 keV for 

XRT-WT 5-78 keV for NuSTAR / compps + diskbb , z = 0 (left) and z = 0.26 

(right). 

4.1.11 IGR J16597 − 3704 

For this source, I used a Swift/XRT observation done one day before NuSTAR for 

fitting the soft X-ray band. Because the compps model does not allow to obtain a 

good fit, I added a diskbb component to improve the fit quality (this component 

was also used by Sanna et al . in 2018 [22]). The NuSTAR data between 3 and 5 

keV were ignored. A better model is obtained by reducing the XRT data with XRT 

pipeline instead of taking the online reduced ones. Energies below 1.5 keV were 

ignored for the XRT data (Figure 22).
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4.1.12 IGR J17062 − 6143 

NuSTAR observed this source two times: in 2015 and 2016. The diskbb component 

is needed to improve the models. In fact, some deviations around 10 keV and up to 

30 keV are visible with the compps model alone. When they analysed these data 

in 2018, Eijnden et al . [41] also needed to include a diskline component to their 

model. They added a gaussian line I did not include in mine. For both observations, 

a simultaneous Swift observation were available. In 2015 (Figure 23a), the hydrogen 

column density parameter is not constrained. The data below 0.8 keV are ignored 

for the XRT observation. I got a similar value for the soft photons temperature as 

Eijnden et al . . In 2016 (Figure 23b), there are different parameters values compared 

to the precedent observation. In fact, the soft photons temperature value is high 

compared to the 2015 observation and to the Eijnden model in 2017. It is also the 

case for the hydrogen column density from the tbabs component.



 

39

0.01

0.02

0.05

k
e
V

2
 (

P
h
o
to

n
s
 c

m
−

2
 s

−
1
 k

e
V

−
1
)

Unfolded Spectrum

1 102 5 20 50

−2

0

2

(d
a
ta

−
m

o
d
e
l)
/e

rr
o
r

Energy (keV)

julien  4−Oct−2021 18:20

0.01

0.02

0.05

k
e

V
2
 (

P
h

o
to

n
s
 c

m
−

2
 s

−
1
 k

e
V

−
1
)

Unfolded Spectrum

1 102 5 20 50

−2

0

2

(d
a

ta
−

m
o

d
e

l)
/e

rr
o

r

Energy (keV)

julien 14−Oct−2021 16:37

 

(a)  Observation 30101034002 (2015) / Energy range: 0.8-10 for XRT, 3-78 keV for NuS- 

TAR.
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(b)  Observation 30201018002 (2016) / Energy range: 1.0-10 for XRT, 3-78 keV for NuS- 

TAR. 

Figure 23: IGR J17062 − 6143 / Soft data = Swift XRT / compps + diskbb , z = 

0 (left) and z = 0.26 (right).
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4.2 Discussion 

4.2.1 Parameters value 

The compps model allows to obtain an acceptable fit for most of the AMXPs from 

our sample. Then, it is possible to perform a comparative analysis of the parameters 

values obtained for the different sources (Figure 24). To have as homogeneous sample 

as possible we excluded 3 sources required a diskbb component (see Tables VI and 

VII). Moreover, we did not include in the sample the observations performed when 

the transitional millisecond pulsar PSR J1023+0038 was not in an accreting mode, 

before October 2013. 

The electron temperature ( k Te) for SAX J1808.4 − 3658 (green point) is not well 

constrained by the model and high compared with the other sources. Here, the 

model has probably overestimated the temperature. In fact, 3 weeks before this 

observation, NuSTAR did another one where the electron temperature I found was 

similar to the value found in [40]: 38 . 3+1 . 4 

− 1 . 1 

keV. By ignoring this point, there is 

no source with a noticeable different value and the whole sample of sources does 

not demonstrate strong correlation of k Te 

with the luminosity: This temperature is 

about 40-60 keV for the sample regardless the luminosity. 

The seed photons temperature ( k Tbb) shows positive correlation with the lumi- 

nosity both considering the whole sample and individual sources. As can be seen 

from the plot, k Tbb 

increases with the luminosity of the source. For instance, one can 

see a significant increase of the temperature between PSR J1023+0038 (red points 

in low luminosity), and Swift J1749.4 − 2807 (brown point). 

The hydrogen column density NH 

is the least constrained parameter: 3 sources 

have their hydrogen column density not constrained. From left to right on figure 

24: PSR J1023+0038 (red points), SAX J1808.4 − 3658 (green points) and MAXI
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J0911 − 655 (grey points). On the whole, it does not show significant variations. 

The vertical optical depth of the corona τ is most of the time smaller than 1.5 

which indicate a reasonable result as indicated in the XSPEC manual. When this 

parameter was largely higher than 1.5 and poorly constrained, I fixed it at 1.5. It 

is indicated in Tables VI and VII. 

The normalisation parameter K does not show a significant variation with the 

luminosity. It is expected as the normalisation value is linked to the source radius 

and the distance. From the K parameter, the compps model allows to estimate the 

source radius r :

  r \sim D_{10} \: \sqrt {K}, 

 







 

(11) 

where D10 

is the distance to the source in unit of 10 kpc and r in km. I calculated the 

source radius estimated by the model with the distances taken from Table III. The 

result is also reported on Figure 24. The radius is underestimated for the sources 

with low luminosity. Especially for PSR J1023+0038 (red points in low luminosity). 

The radius estimated for IGR J17511 − 3057 (yellow point) is about 22 km, which is 

too high. This error could come from the distance which is not well known for IGR 

J17511 − 3057 [27]. 

Most of the sources have a luminosity about 1036 erg s− 1. PSR J1023+0038 

(red points), have a lower luminosity (1033 - 1034 erg s− 1) which is coherent with a 

transitional X-ray millisecond pulsar in an AMXP phase [42]. IGR J1737.9 − 3747 

(pink point) declined in luminosity in early April 2018 when it was observed by 

NuSTAR [43].
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Figure 24: Parameters value in function of the Luminosity ( compps model, z = 0).
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4.2.2 Influence of redshift on parameters 

In literature, the gravitational redshift is very often fixed at 0 for the AMXPs’ mod- 

els. However, NSs have extremely strong gravitational field and then the associated 

redshift is not negligible. To be able to compare the parameters between the both 

redshifts used ( z = 0 and z = 0.26), I divided the parameters for z = 0 by the same 

ones for z = 0.26. The results are shown on figure 25. Each colour corresponds to 

one source. 

On the whole, the electron temperature ( k Te) is not significantly affected by 

the redshift variation even if its variation is not very well constrained for PSR 

J1023+0038 (red point) and SAX J1808.4 − 3658 (green point). The gravitational 

redshift shifts the seed photons temperature. So, the temperature of them esti- 

mated by the model ( k Tbb) increased with the redshift. In average, the temperature 

increased by 30 % when the redshift increased from 0 to 0.26. 

The hydrogen column density is not well constrained in some sources and there 

was no improvements by changing the redshift. The grey points on the right cor- 

respond to the two MAXI J0911 − 655 observations. All the NH 

values are not 

constrained for this source, nevertheless, the 3 σ upper limit varies with the red- 

shift. 

The normalisation parameter ( K ) is getting smaller with a greater redshift. This 

parameter is linked to the source radius and its distance. As the distance did not 

change, the source radius estimated by the model decreased with the redshift. It 

is consistent with the work of Xian-Feng Zhao and Huan-Yu Jia [44]. The varia- 

tion of K is nevertheless not similar from a source to another one and it is poorly 

constrained. 

It is acceptable to fix a redshift at 0 instead of 0.26. Despite the seed photon
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temperature is underestimated and the normalisation parameter is overestimated, 

the redshift variation does not change significantly the luminosity estimation of the 

sources or the quality of approximation. 

I also tried to define the redshift as a free parameter for two sources where the 

fit worked well. It appears it was not possible to constrain well the redshift. In fact, 

the model estimated z = 0.28+0 . 29 

− 0 . 22 

or it found z < 0.58 (3 σ upper limit) depending 

of the source. The other parameters did not change significantly but they were less 

constrained compared to the model with a fixed redshift. In conclusion, it seems 

better to freeze this parameter.
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Figure 25: Ratio of parameters value for both redshifts z = 0 and z = 0.26 ( compps 

model).
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5 Summary 

I reduced the AMXPs observations performed by the NuSTAR observatory, widened 

the energy range with observations done by Swift/XRT or XMM-Newton to model 

them with the compps model. It allowed to obtain a good fit for different AMXPs 

observations with only few exceptions. For the sources where the model did not 

work correctly, it was possible to have a better result simply by adding a diskbb 

component to the compps one without the necessity to complicate the final model 

with more components. It was possible to show some correlation between the seed 

photon temperature and the luminosity: k Tbb 

increases with the luminosity of the 

source. 

Moreover, as the compps model allows to fix a gravitational redshift as a param- 

eter, I compared the values obtained when it was fixed at 0 and when it was fixed 

at a more physical value (0.26). It did not improve the results of spectral approxi- 

mation. Nevertheless, the redshift variation increased the seed photon temperature 

k Tbb 

by approximately 30%. Also, the normalisation parameter decreased because 

the estimated source radius decreased with the redshift.
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