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ABSTRACT 

 
 A comprehensive model for the explanation of quasi-periodic oscillations 

(QPOs), predicting seven QPO frequencies has recently been presented. In this work 
it is applied to the observed QPOs of Scorpius X-1. The three highest QPO 
frequencies are assumed to arise from three circular tori: an inner torus with charge 
Qi, a torus with mass mm in the middle and an outer torus with charge Qo, whereas 
the star bears a charge Qs (three tori model). 
 As a consequence of a special interpretation of the gravitomagnetic theory, 
the three tori are subjected to a total number of four precessions. Expressions for the 
resulting four gravitomagnetic precession frequencies have recently been presented. 

It is argued that observation of Lense-Thirring precession need not to become 
manifest in this approach. 
 For the Kepler-like frequency of the torus with total mass mm the additional 
contribution of the gravitational interaction between a mass element dmm and the 
remaining mass in the torus is explicitly calculated for the first time. The 
contribution appears to be small. 
 Predictions of the new model are compatible with two sets of seven QPOs, 
extracted from observations of Sco X-1. The results are compared with 

corresponding observations and predictions for four other pulsars and two black 
holes. Estimates for the Lense-Thirring precessions are also compared with observed 
QPO frequencies. 

 
1. INTRODUCTION 
 

 Quasi-periodic oscillations (QPOs) from the pulsar in the low-mass X-ray binary 
system Scorpius X-1, a Z-source, have been reported by several authors [1–5]. Four 

QPOs were discovered by Van der Klis et al. [1]: two high-frequency QPOs at 1100 Hz 

and 800 Hz and two low-frequency QPOs at 45 Hz and ~ 6 Hz. Later on, three additional 

QPOs frequencies were found at 90 Hz, 30 Hz and ~10 Hz. [2–5]. In some cases five or 
six QPOs were simultaneously observed (see refs. [2, fig. 2] and [3, fig. 3], respectively). 

Finally, Titarchurk et al. [5, fig. 1] identified seven different QPOs for Sco X-1 from own 

and other observations. 
 Many theoretical models have been proposed to explain the origin of the QPO 

signals. Usually, these models only deal with the twin high-frequency QPOs. Recently, 

Lin et al. [6] discussed about fifteen of such models, but even the origin of these two 

high-frequency QPOs remains uncertain. Up to now, the low-frequency QPOs have 
received relatively less attention, but Titarchurk et al. [4, 5] have given a more complete 

interpretation of the seven observed QPOs for Sco X-1. 

 Starting from a three tori model in combination with a gravitomagnetic precession 
model, Biemond [7, 8] recently deduced seven exact formulas for seven QPO 

frequencies. In this model the three highest QPO frequencies arise from three circular tori 

around the star, whereas four low-frequency QPOs are generated by a gravitomagnetic 
precession mechanism. The obtained expressions appeared to be compatible with 

observations of four pulsars: SAX J1808.4–3658, XTE J1807–294, IGR J00291+5934 

and SGR 1806–20 and two black holes: XTE J1550–564 and Sgr A*. 

 In this work the latter model will be tested for a high- and low-frequency set of 
seven previously observed QPO frequencies for Sco X-1 extracted from refs. [1–5]. Six 
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of the used frequencies have simultaneously measured, whereas the seventh one has been 

extrapolated. 

 Compared with other models, two new basic assumptions have been introduced in 

the deduction of our model. Firstly, it is assumed that pulsars and black holes may bear 
large stable charges. Starting from the Reissner-Nordstrøm space-time, it has been shown 

that the required amounts of charge may be bound slightly outside the outer horizon of 

the so-called ergosphere [8, section 8]. Secondly, for the explanation of four low-
frequency QPOs another assumption may be essential: a special interpretation of the 

gravitomagnetic theory, which may be deduced from general relativity [7–12]. In this 

interpretation the gravitomagnetic field B(gm) generated by rotating mass and the 
electromagnetic induction field B(em) due to moving charge are supposed to be 

equivalent. It is generally accepted that introduction of a gravitomagnetic field is 

consistent with orthodox general relativity, but the proposed equivalence of B(gm) and 

B(gm) is not. Application of this special interpretation of the gravitomagnetic field, 
however, results in the deduction of four new gravitomagnetic precession frequencies, 

which have been identified with four observed low-frequency QPOs [7, 8]. 

 It is noticed, that our interpretation of the gravitomagnetic field also leads to a 
prediction of the strength of the magnetic field of stars and black holes. Moreover, this 

approach affects our interpretation of the Lense-Thirring precession. We first consider the 

first consequence. Identification of the “magnetic-type” gravitational field with a 
magnetic field results into the so-called Wilson-Blackett formula. This relation applies, 

e.g., to a spherical star consisting of electrically neutral matter 
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Here M(gm) is the gravitomagnetic dipole moment of the star with angular momentum S, 

and  is a dimensionless constant of order unity. Relation (1.1) appears to be 
approximately valid for many, strongly different celestial bodies and some rotating 

metallic cylinders in the laboratory as well (see for a review [10] and references therein). 

The magnetic fields of pulsars have separately been discussed [11]. The angular momentum 
S for a spherical star with mass ms and radius rs can be calculated from the relations 
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where Ωs is the angular velocity vector of the star (Ωs = 2πνs is its angular velocity and 

νs is its spin frequency), I is the moment of inertia of the star and fs is a dimensionless 
factor depending on the homogeneity of the mass density in the star. For convenience 

sake, the value fs = 1 for a homogeneous mass density will be used in this work. 

 The value of a gravitomagnetic dipole moment M(gm) (or an electromagnetic 
dipole moment M(em) can be calculated from 
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Here Bp is the magnetic induction field at, say, the north pole of the star at distance R 

from the centre of the star to the field point where the field Bp may be observed (R ≥ rs). 

 For R = rs combination of (1.1), (1.2) and (1.3) yields the following polar field Bp(gm) 
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The minus sign reflects that the vectors Bp(gm) and Ωs possess opposite directions for  

+1. Neither the sign nor the value of  follows from the gravitomagnetic theory. It is 
stressed that Bp(gm) at distance rs has been derived for an ideal gravitomagnetic dipole 
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located at the centre of the star. For a homogeneous mass distribution in the star, 

however, the same result for Bp(gm) can be deduced [13, 14]. 

 Furthermore, precession phenomena are another consequence of the special 

interpretation of the gravitomagnetic theory. The latter theory predicts an angular 
precession velocity Ω(gm) for an angular momentum S of a star or a torus. The following 

relation then applies to Ω(gm) 

 

 
d

(gm) .
dt

 
S

Ω S  (1.5) 

 
The angular precession velocity Ω(gm) of S around direction of the field B(gm) from 

gravitomagnetic origin is given by [7, 10, 12] 
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where the precession frequency ν(gm) is given by ν(gm) = Ω(gm)/(2π). 
 As a first example, the precession of the angular momentum Sm of a circular torus 

with total mass mm in the gravitomagnetic field of the star with angular momentum S 

will be considered. According to (1.5), an angular precession velocity Ω(gm) of the 
component Sm sinδm (δm is the angle between the directions of S and Sm) will occur 

around S. An approximately equatorial orbit for the torus will be adopted, so that δm is 

small. By substitution of the equatorial value of the dipolar gravitomagnetic field Beq(gm) = 

– R
–3

 M(gm) into (1.6) Ω(gm) can then directly be found 
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The precession of the torus with mass mm is an example of Lense-Thirring precession. 

Thus, the obtained result for Ω(gm) is denoted by ΩLT and the corresponding Lense-
Thirring frequency by νLT. Note that Beq(gm) is approximately constant, when δm is small. 

Since Sm sinδm reduces to zero for δm = 0, however, precession only occurs for δm > 0. 

 For δm = 90º the gravitomagnetic field B(gm) in (1.6) is no constant and B(gm) has 

to be integrated over the whole orbit. An averaged result for the Lense-Thirring frequency 
ν̄L̄T̄ is then obtained for a circular orbit 
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Note that both in the derivation of (1.7) and (1.8) a dipolar gravitomagnetic field B(gm) 

has been substituted into (1.6). Both relations (1.7) and (1.8) may explain the occurrence 
of low-frequency QPOs. Recently, Altamirano et al. [15] discussed relation (1.8) with 

respect to the pulsar IGR J17480–2446 in Terzan 5, spinning at a relatively low frequency 

of νs = 11 Hz . In addition, Homan [16] suggested that Lense-Thirring precession may 

already have been observed as ~1 Hz QPOs in several neutron-star X-ray binaries. 
 Another situation occurs, when an electromagnetic field B(em) is present besides 

B(gm). Adopting that both fields are equivalent, the resulting total magnetic field B(tot) = 

B(gm) + B(em) has to be substituted into (1.6). In section 4 we will consider examples of 
the latter alternative. It is noticed that the proposed equivalence of B(gm) and B(em) is in 

contradiction with the analysis of data obtained by the Gravity Probe B satellite and with 

reported results for the Lense-Thiring precession of the orbit of two LAGEOS satellites 
These results are criticized, however (see, e.g, in refs. [12, 13]). 

 The three tori model from [7], resulting in three high-frequency QPOs νi, νm and νo, 

is summarized in section 2. In addition, for the Kepler-like frequency νm the contribution 

of the gravitational force between an arbitrary mass element dmm in the torus and the 
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remaining mass of the torus with a total mass mm is explicitly calculated for the first time. 

In section 3 a previously introduced factor β* is considered. This parameter, depending on 

the spin frequency νs, determines the total polar magnetic field Bp(tot) of the star. In 

section 4 the four low-frequency QPOs from gravitomagnetic origin [7], νio, νmo, νoi and 
νmi, are shortly discussed. In section 5 observed QPOs of the pulsar in Sco X-1 are 

compared with the predictions of the seven QPO model. In section 6 the results for Sco X-1 

and four other pulsars are summarized and discussed. In addition, conclusions are drawn. 
 

2. THREE TORI MODEL PREDICTING THREE HIGH-FREQUENCY QPOs 

 
 The recently proposed model predicting seven QPO frequencies [7, 8] consists of 

two parts: three high-frequency QPOs are attributed to a three tori model, whereas four 

low-frequency QPOs may be caused by a gravitomagnetic precession mechanism, 

summarized in section 4. In this section we deal with the three highest QPO frequencies, 
which are assumed to arise from three circular tori around the central star. The first 

frequency νi is attributed to an inner torus containing a total electric charge Qi. The sign 

of the charge of Qi is assumed to be opposite to the sign of the total charge Qs of the star. 
The second frequency νo is attributed to an outer torus with total charge Qo (Qo and Qs 

have the same sign). Further, a third torus, containing a total electrically neutral mass mm 

(the subscript m stems from middle) is assumed to be present between the two other tori. 
Thus, it is assumed that ri < rm < ro. 

 

2.1 TWO HIGH-FREQUENCY QPOs: νi, DUE TO THE INNER TORUS WITH 

CHARGE Qi, AND νo, DUE TO THE OUTER TORUS WITH CHARGE Qo 
 

 By application of Coulomb’s law, the gravitation law of Newton and the 

centrifugal force it can be shown [7], that all forces acting between a point mass dmi with 
charge dQi in the inner torus of radius ri, with mass ms and charge Qs of the star and with 

a total charge Qo in the outer torus of radius ro, respectively, can be in equilibrium. 

Equilibrium is only possible, if the angle between the planes of the tori is not too large. 

The motion of the tori becomes unstable, when the latter condition is not fulfilled. This 
instability may (partially) explain the observed frequency and the instability of the high-

frequency QPOs νi and νo. The expression for νi is given by [7] 
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  
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 (2.1) 

 

where mi is the total mass in the inner torus, x is defined by x ≡ ri /ro, Qi' is defined by the 

dimensionless quantity Qi' ≡ (G
½
 ms)

–1
Qi, Qs' by Qs' ≡ (G

½
 ms)

–1
 Qs and so on. In the 

deduction of (2.1), it has been assumed that the mass and charge densities in both tori are 

homogeneous. The value of the quantity f depends on the location of dQi in the inner 

torus with respect to the outer torus with total charge Qo, as has been discussed in refs. [7, 

8]. When the inner and outer torus are lying in the same plane, f reduces to f(x) in the 
equilibrium state 
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1

E x
f x K x

x x
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 
 (2.2) 

 
where K(x) and E(x) are complete elliptic integrals of the first kind and second kind, 

respectively. When both tori are in a bound state but their planes do not coincide, the value 

of f varies along the orbit of the inner torus. When f becomes negative, the tori become 
unstable. At the least stable situation in the orbit f reduces to f0 = 0. In our calculations we 
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will approximate the average value of f over the whole orbit by f̄ (̄x̄)̄  = ½ {f0 + f(x)} = ½ {0 

+ f(x)} = ½ f(x). When the angle between the two tori is not too small, the latter 

approximation may be reasonable, but for coplanar tori f̄ (̄x̄)̄  = f(x). 

 It is to be expected that the factor m s/mi on the right hand side of (2.1) is very 
large. It will be assumed that the difference (Qs' – x

2
 f Qo' ) is very small, so that the charge 

dependent contribution on the right hand side of (2.1) is small. As a result, the orbital 

frequency νi may then be somewhat larger or smaller than the corresponding Kepler 
frequency (2π)

–1
(Gms/ri

3
)

½
. Instead of using (2.1), we usually apply the following 

approximate relation in our calculations 
 

 2

s o.Q x f Q  (2.3) 

 

This relation is important, for it reduces the number of unknowns like x, Qs and Qo by one. 

 Following the same method, an analogous equilibrium situation can be found for 

the same forces acting between a point mass dmo with charge dQo in the outer torus of 
radius ro, with mass ms and charge Qs of the star and with a total charge Qi in the inner 

torus of radius ri, respectively. The following expression for the corresponding high-

frequency νo is then obtained [7] 
 

  
1

2

s s
o o s i3

o o

1
1 ,

2

Gm m
Q Q g Q

r m




  
      

  

 (2.4) 

 

where mo is the total mass in the outer torus and Qo' is defined by the dimensionless 

quantity Qo' ≡ (G
½
 ms)

–1
Qo, and so on. The value of the quantity g depends on the location 

of dQo in the outer torus with respect to the inner torus with total charge Qi. It has also 

been discussed in refs. [7, 8]. When the inner and outer torus are lying in the same in the 

same plane, g reduces to g(x) in the equilibrium state 
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g x

x

 
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where E(x) is a complete elliptic integral of the second kind. When both tori are in a bound 
state but their planes do not coincide, the value of g varies along the orbit of the outer torus. 

At the least stable situation in the orbit g reduces to g0. In our calculations we will 

approximate the average value of g over the whole orbit by ḡ(̄ x̄)̄  = ½ {g0 + g(x)}. When 
the angle between the two tori is not too small, the latter approximation may be 

reasonable, but for coplanar tori ḡ(̄ x̄)̄  = g(x). 

 It is to be expected that the factor m s/mo on the right hand side of (2.4) is large. In 
this work it will be assumed that the sum (Qs' + g  Qi' ) is small, so that 

 

 
s i.Q g Q   (2.6) 

 
As a result, the orbital frequency νo may thus deviate from the corresponding Kepler 

frequency (2π)
–1

(Gms/ro
3
)

½
. Relation (2.6) is important, for it reduces the number of 

unknowns like g, Qs and Qi by one. 
 It is noticed that Coriolis forces (compare with ref. [4]), Lorentz forces and the 

gravitational attraction between the masses mi and mo in the tori have been neglected in 

the deduction of the results (2.1 and (2.4) in this section. Moreover, no general relativistic 

effects have been taken into account. Starting from a Kerr-Newman space-time, Aliev 
and Galtsov [17] considered the latter effects for the binary system of a charged star and a 

charged point mass moving in a circular orbit around that star. For these reasons and 

more, the results in this section have to be considered as a first order approximation. 
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2.2 THIRD HIGH-FREQUENCY QPO: νm, DUE TO THE MIDDLE TORUS 
 

 Furthermore, the orbital frequency νm for a point mass dmm in a circular orbit of 

radius rm around a star with mass m s and angular momentum S can be shown to be 

(compare with, e.g., Aliev and Galtsov [17]) 
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1
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s s
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s

2 3

s m

1 1 1
.

2 2
1
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f

r rGmS

c m r


 

   
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    
  

 

 (2.7) 

 
It is noticed that relation (2.7) applies to prograde motion of dmm around the star in the 

equatorial plane. For pulsars the relativistic factor fS in (2.7) depending on the angular 

momentum S usually approaches unity value, so that νm becomes equal to the Kepler 
frequency νK. 
 

  
Figure 1. A circular torus of radius rm containing a total mass mm (grey) is moving around a star of 

radius rs and with a mass ms (grey). The unit vector of the normal perpendicular to the plane of the 

torus is given by nm and coincides with the z-axis. The velocity of a mass element dmm in the torus 

is given by vm and its frequency by νm. The mass elements dmm at points P and Q are separated by 

a distance s, whereas φ is the angle between OP and OQ (O is the origin of the xyz-frame). In this 

section the net gravitational force lying along the line OP is calculated. 

 
 The result of (2.7) has been deduced for a point mass dmm moving in a circular 
orbit of radius rm around a star with mass m s. We will now consider the case of a torus of 

radius rm with a total mass mm (see figure 1). Especially, we want to calculate the 

contribution of the gravitational force between a mass element dmm located at point P and 
the remaining mass in the torus with a total mass mm. For symmetry reasons only a net 

gravitational force acting on dmm along the line OP survives. The calculation is started by 

considering the following Newtonian forces: the force between the mass element dmm 

located at point P and the mass m s of the star and the force between the mass element 
dmm located at point P and the mass element dmm located at point Q. When the 

centrifugal force is also included, the following relation can be obtained in the non-

relativistic case 
 

  
2

m sm m m m 1
22 2

m m

v
cos(90 ) ,

dm Gmdm dm Gdm

r r s
    (2.8) 

 

where vm is the velocity of an arbitrary mass element dmm moving in the circular orbit of 
radius rm. Since cos(90º – ½φ)= s /(2rm) and s = r m{2(1 – cosφ)}

½
, equation (2.8) can be 

rewritten as 

z 
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dmm 

P Q 

mm 
ms 

dmm 
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 (2.9) 

 
 The following relation applies to a homogeneous mass distribution in the torus with 

total mass mm 

 

 m
m .

2

m
dm d


  (2.10) 

 

Substitution of (2.10) into (2.9), followed by integration over φ from φ = δφ to φ = 2π – δφ,  

leads to the following expression for the high-frequency νm 
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Note that for small values of δφ the second term on the right hand side of (2.11) is 

positive. The gravitational attraction between mass element dmm at point P and the 
remaining mass mm in the torus lead to a larger value of the frequency νm. The minimum 

distance δr = rmδφ may be put equal to the distance between, e.g., two hydrogen atoms. 

So, δr is about 10– 8
 cm, whereas rm is of the order of the radius of a pulsar, e.g., rm = 2rs 

= 2×10
6
 cm, resulting into a minimum value for tg(δφ/4) of 1.25× 10–15

. Introduction of 

this value into the quantity mm/(2πms)ln(tgδφ/4) yields –5.5(mm/ms). Since the ratio 

(mm/ms) is usually very small, the contribution mm/(2πms) ln(tgδφ/4) on the r.h.s. of (2.11) 
will be small compared to unity value and may be neglected. 

 For the approximated expression (2.11) the high-frequency QPO frequency νm for 

the torus with mass mm then coincides with the Kepler frequency νK, whereas the radius 

rm can be approximated by the Kepler radius rK 
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r r



  
   

  

 (2.12) 

 

Note that none of the high-frequency QPOs νi of (2.1), νm of (2.11) or νo of (2.4) depends on 

the spin frequency νs of the star. In next section its influence is briefly reviewed (see [7, 8]). 

 

3 PARAMETER β* 

 

 When both a magnetic field Bp(gm) from gravitomagnetic origin and a magnetic 
induction field Bp(em) from electromagnetic origin are present at the north pole of the 

pulsar, the total polar magnetic field Bp(tot) is given by 
 

 
p p p(tot) = (gm) + (em). B B B  (3.1) 

 

According to (1.4), the direction of Bp(gm) is antiparallel to Ωs for  +1. It appears 
helpful to define the following dimensionless quantity β* (see ref. [11]) 
 

 
p p(tot) = (gm).B B  (3.2) 

 

When the total field B(tot) is from gravitomagnetic origin only, Bp(em) = 0, and β* reduces 

to β* = 1. As a rule, measurements yield B(tot), so that only an estimate for β* can be 
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obtained. 

 Several contributions to the field Bp

(em) at the north pole of a star have been 

calculated in ref. [7]. First, a contribution Bp


(em) = Bp

(Qs) is generated by the charge Qs 

in the star of radius rs and spin frequency νs. A second contribution Bp

(em) = Bp


(Qi) is 

generated by the charge Qi moving in the circular torus of radius ri . A third contribution 

Bp

(Qo) arises from charge Qo moving in the circular torus of radius ro. Choosing a value β 

= +1, combination of the gravitomagnetic contribution of (1.4) and the three contributions 

to Bp

(em) leads to the following expression for the parameter β* (see ref. [7]) 
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 

 

        
 

 (3.3) 

 
where δi is the angle between the direction of the rotation axis s = Ωs/Ωs of the star and 

the unit vector ni along the direction of the rotation axis of the torus with total charge Qi 

and so on. Quantities like Qs'
 
 are again be defined by Qs' ≡ (G

½
 ms)

–1
Qs and so on. Note 

that the terms in Qs', Qi' and Qo' are due to the contributions Bp

(Qs), Bp


(Qi) and Bp


(Qo), 

respectively. The term β*current in (3.3) has been added to account for a possible 
contribution from toroidal currents in the pulsar. For β*current = – 1 toroidal currents 

completely compensate the magnetic field from gravitomagnetic origin. A striking 

property of (3.3) is that it provides a relation between the high-frequency QPOs νo and νi, 

and the spin frequency νs. 
 

4. FOUR LOW-FREQUENCY QPOs FROM GRAVITOMAGNETIC ORIGIN 

 
 If the field B(gm) in (1.6) may be identified with an electromagnetic field B(em), 

the following different gravitomagnetic precession frequencies can be distinguished (The 

adjective “gravitomagnetic” has been retained, since (1.6) describes the interaction 
between some angular momentum and a magnetic field B(em)). Substitution into (1.6) of 

the field B(em) from the outer torus of radius ro and total charge Qo, acting on the torus 

total mass mm, yields a precession frequency νmo. The following sequence with respect to 

the subscripts has been used: the first subscript m in νmo stems from middle and the last 
subscript o from outer. The mass mm in the torus of radius rm in the middle experiences 

the action from the charge Qo in the outer torus (ro > rm). Likewise, substitution into (1.6) 

of the field B(em) from the charge Qi in the torus of radius ri, acting on mass mm, yields a 
frequency νmi. In addition, substitution of the field B(em) from charge Qo, acting on the 

mass mi in the torus of radius ri and charge Qi, yields a frequency νio. Further, substitution 

of the field B(em) from charge Qi, acting on the mass mo in the torus of radius ro and 

charge Qo, yields a frequency νoi. Thus, a total of four precession frequencies are obtained. 
 The derivation of the four precession frequencies has been given in ref. [7, sections 

3 and 4]. Here we only give the results and some additional remarks. As a first example, 

the precession frequency νmo of the torus with total mass mm, due to the total charge Qo in 
the torus of radius ro, is given by 

 

 s
mo o o o m o2

o

2
( )cos cos ,

Gm
Q g x

c r
      (4.1) 

 
where Qo' is again defined by Qo' ≡ (G

½
 ms)

–1
Qo. The frequency of the charge Qo in the 

torus of radius ro is given by νo (see (2.4)) and xo is defined by xo ≡ rm/ro. In addition, δm 

and δo are the angles between the direction of the rotation axis of the star s = Ωs/Ωs and 
the unit vectors nm and no along the directions of the rotation axes of the tori with total 

mass mm and total charge Qo, respectively. The minus sign in (4.1) means that the angular 

precession velocity Ωmo  (Ωmo  = 2πνmo) is counter-clockwise around no for β = +1 and a 



9 

positive charge Qo. The function g (xo) in (4.1) has been analogously defined to g (x) in 

(2.5). 

 Moreover, the charge Qo in the outer torus of radius ro acts on the mass mi in the 

inner torus of radius ri and may generate a precession frequency νio 
 

 s
io o o i o2

o

2
( )cos cos ,

Gm
Q g x

c r
      (4.2) 

 

where Qo', ro, νo and δo are already given in (4.1) and x is again defined by x ≡ ri /ro. In 
addition, δi is the angle between the direction of the rotation axis of the star s = Ωs/Ωs and 

the unit vector ni in the direction of the rotation axis of the torus with mass mi and charge 

Qi. Note that the quantity g(x) in (4.2) equals to g(x) in (2.5). 

 Furthermore, the precession frequency νmi of the torus with total mass mm, due to 
the total electric charge Qi in the torus of radius ri, is given by 
 

 s
mi i i i i m i2

m

2
( )cos cos ,

Gm
Q x f x

c r
     (4.3) 

 

where Qi' is again defined by Qi' ≡ (G
½
 ms)

–1
Qi. The frequency of the charge Qi in the torus 

of radius ri is given by νi (see (2.1)) and xi is defined by xi ≡ ri /rm. The definitions of the 

angles δm and δi have already been given. The function f(xi) in (4.3) has analogously been 

defined to f(x) in (2.2). 

 Finally, the charge Qi in the inner torus of radius ri acts on the mass mo in the outer 
torus of radius ro and may generate a precession frequency νoi 
 

 s
oi i i i o2

o

2
( )cos cos ,

Gm
Q x f x

c r
     (4.4) 

 

where all parameters have already been given before. The quantity f(x) has earlier been 
defined in (2.2). 

 Note that the four frequencies νio, νmo, νoi and νmi contain the dimensionless 

quantity Gms / (c
2
ro) or Gms /(c

2
rm). In general, the quantity Gms / (c

2
ro) is smaller than 

unity value for pulsars and black holes, so that the frequencies νmo and νio  are usually 

smaller than νo and may therefore be denoted as low-frequency QPOs. An analogous line 

of reasoning can be applied to the frequencies νmi and νoi with respect to νi. Therefore, 

they can also be characterized as low-frequency QPOs. 
 In addition, it is noticed that small angles δm, δo and δi have always been assumed 

in the derivations of the precession frequencies (4.1), (4.2), (4.3) and (4.4). If all values of 

δ nearly reduce to zero value, prograde motion of Qi, mm and Qo around s = Ωs/Ωs takes 
place. Alternatively, retrograde motion of Qi, mm and Qo around s implies that all values 

of δ are about 180º. 

 Furthermore, a remark with respect to the relative magnitudes of νmo  and νio can be 
made. Assuming ro > rm > ri, implies xo > x. According to tables 1 in both refs. [7, 8], the 

quantity g(xo) is then larger than g(x). When the angles δm and δi do not differ too much, it 

follows from (4.1) and (4.2) that the frequency νmo  is larger than νio. Finally, no sign of 

any of the frequencies νi, νm, νo, νmo, νio, νmi and νoi is known, at this moment. For that 
reason, positive signs for all frequencies will be used in the calculations below. 

 

5. COMPARISON QPOs OF SCORPIUS X-1 WITH PROPOSED MODEL 
 

 From observations [1–5] of the pulsar in the low mass X-ray binary system Sco X-1 

seven QPO frequencies may be extracted. Six centroid frequencies have simultaneously 

been measured (see [3, fig. 3], whereas the seventh one may be extrapolated from ref. [5]. 
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The seven obtained QPO frequencies have been assigned to the predicted QPO 

frequencies νi, νm, νo, νmo, νio, νmi and νoi, following from our seven QPO model (see 

sections 2 and 4, and ref. [7]). Keeping in mind the assumption ri < rm < ro in our model, 

the three highest frequencies are attributed to νi, νm and νo, respectively. An estimate of 
the relative magnitudes of the other four frequencies can often be made, as has been 

discussed before. Two series of seven QPO frequencies are extracted: a high- and a low-

frequency series. The results are summarized in table 1 and 2, respectively. 
 The seven equations (2.3), (2.6), (2.12), (4.1)–(4.4) contain nine unknowns (i.e., 

three charges: Qs, Qo and Qi; three radii: ro, rm and ri; three angles: δo, δm and δi). Only 

the approximate value of rm ≈ rK can directly be calculated from (2.12), when the 
frequency νm can be assigned and the value of ms is known (In the calculations of all 

pulsars a mass ms = 1.4 m


 = 2.7846×10
33

g has been adopted). Therefore, we have 

arbitrarily chosen one δ value, δm, and have taken δi = δo. The remaining seven unknown 

parameters can then be calculated. See for the further procedure ref. [7]. Using the 
frequencies νo and νi, accurate fits could be found between observed and calculated 

values of νmo, νio, νmi and νoi by application of an iteration process. Results have been 

summarized in table 1 and 2. 
 Choosing an arbitrary spin frequency like νs = 300 Hz and taking νm = 700 Hz from 

table 1 for Sco X-1, calculation from (2.7) yields a value rm = 2.131×10
6
 cm (fS = 0.9927) 

for prograde rotation, instead of rK = 2.126×10
6
 cm from (2.12). It is noticed, that in the 

calculation of rm the expression S from (1.2) has been used. The calculations in tables 1 
and 2, however, are based on radius rK from (2.12). 

 All calculated radii in tables 1 and 2 meet the condition that they are larger than the 

radius of the relativistic innermost stable circular orbit in the Schwarzschild space-time, 
rISCO = 6Gms/c

2
 = 1.24×10

6
 cm. 

 

Table 1. Seven QPO frequencies of the pulsar in Sco X-1 (high-frequency series). Quality factors 

Q and integrated fractional r.m.s. amplitudes are added. Relative radii (x, xi and xo), radii (ri, rK, 

and ro), relative charges Qs', – Qi' and Qo' (Q' is defined by Q' ≡ (G½ ms)
–1Q), factors f̄ (̄ x̄)̄ , f̄ (̄ x̄ī)̄ , ḡ(̄ x̄)̄  

and ḡ(̄ x̄ō )̄ , and angles δi and δo are calculated. For comment see text. 
 

 
classif.a 

 

 
νb, c 

(Hz) 

 
Q  

 
r.m.s. 

(%) 

 
x 

 
R×106 
(cm) 

 
Q' 

 
f̄ (̄ x̄)̄

h 

 
ḡ(̄ x̄)̄

h 

 

 
δ 

( º) 

νu /νh  

 

νi 

970 

10e 

10f 
1.6e 

0.8-2.5e  

ri 

1.67 

– Qi' 

0.168   

δi 

3.9 

νK 

 

νm  

700 7f 0.9-1.2g  

rK 

2.13 

Q' 

0   

δm 

9 

νs 

? 

νs  

? 

 

   

rs  

1 

Qs' 

0.211    

ν2L 

 

νo 

94 2-5e 
 

0.4-1e  

ro 

2.64 

Qo' 

1.87   

δo 

3.9 

νL 

 

νmo  

46 

6e 

2-3g 
0.4-1e 

~1g 
xo 

0.8050 

ro  

2.64 

Qo' 

1.87  

ḡ(̄ x̄ō )̄  

1.69 

δm = 9 

δo = 3.9 

νV 

 

νio 

34.5 

 

 

 

 

x 

0.6335 

ro  

2.64 

Qo' 

1.87  

ḡ(̄ x̄)̄  

1.26 

δi = δo 

3.9 

νb 

 

νmi 

14 

 

 

 

 

xi 

0.7869 

rK 

2.13 

– Qi' 

0.168 

f̄ (̄ x̄ī)̄  

0.571 

 

 

δm = 9 

δi = 3.9 

νSSV 

 

νo i 

4.5d 

 

0.4-2.1g 
 

1-5g 

x 

0.6335 

ro  

2.64 

– Qi' 

0.168 

f̄ (̄ x̄)̄  

0.280  

δi = δo 

3.9 

 

νLT(mi) 

5.3    

R = ri 

1.67     

 

νLT(mm) 

2.6    

R = rK 

2.13     
 
a Classification QPO frequencies from ref. [5]. b Ibid, from ref. [7]. c The centroid frequencies ν have been 

extracted from refs. [1–5]. d The value of νoi is an extrapolation from ref. [5]. e Ref. [2]. f Ref. [18]. g Ref. [1]. 
h Definitions and a discussion of these quantities have been given in sections 2, 4 and ref. [7].  
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Table 2. Continued. Seven QPO frequencies of the pulsar in Sco X-1 (low-frequency series). 
 

 
classif.a 

 

 
νb, c 

(Hz) 

 
Q  

 
r.m.s. 

(%) 

 
x 

 
R×106 

(cm) 

 
Q' 

 

f̄ (̄ x̄)̄
h 

 

ḡ(̄ x̄)̄
h 

 

 
δ 

( º) 

νu /νh  

 

νi 

880 

7.7e 

8f 
2.3e 

0.8-2.5e  

ri 

1.81 

– Qi' 

0.192   

δi 

33 

νK 

 

νm  

575 5f 0.9-1.2g  

rK 

2.42 

Q' 

0   

δm 

9 

νs 

? 

νs  

? 

 

   

rs  

1 

Qs' 

0.240    

ν2L 

 

νo 

83 2-5e 
 

0.4-1e  

ro 

2.86 

Qo' 

2.18   

δo 

33 

νL 
 

νmo  
42 

6e 
2-3g 

0.4-1e 
~1g 

xo 
0.8469 

ro  
2.86 

Qo' 
2.18  

ḡ(̄ x̄ō )̄  
1.943 

δm = 9 
δo = 33 

νV 

 

νio 

23 

 

 

 

 

x 

0.6309 

ro  

2.86 

Qo' 

2.18  

ḡ(̄ x̄)̄  

1.254 

δi= δo 

33 

νb 

 

νmi 

8.1 

 

 

 

 

xi 

0.7449 

rK 

2.42 

– Qi' 

0.192 

f̄ (̄ x̄ī)̄  

0.456 

 

 

δm = 9 

δi = 33 

νSSV 

 

νo i 

3d 

 

0.4-2.1g 
 

1-5g 

x 

0.6309 

ro  

2.86 

– Qi' 

0.192 

f̄ (̄ x̄)̄  

0.277  

δi = δo 

33 

 

νLT(mi) 

4.2    

R = ri 

1.81     

 

νLT(mm) 

1.7    

R = rK 

2.42     
 
a-h See table 1. 

 

 As has been discussed in ref. [7], the quality factors Q (defined by Q ≡ ν/Δν, where 

Δν is the full-width at half maximum) may depend on the space available for the 
considered torus. For example, for the inner torus with the high frequencies νi = 970 Hz 

and 880 Hz the distance Δri between innermost stable circular orbit in the Schwarzschild 

space-time rISCO and ri increases from Δri ≡ rK – rISCO = 0.89×10
6
 cm to 1.18×10

6
 cm, 

whereas the Q values for the inner torus with frequency νi decrease from 10 in table 1 to 

7.7-8 in table 2. For the larger interval of the upper frequency νu  (νi in our notation) of 

1070 Hz to 850 kHz the Q values decrease from 20 to 7 (see ref. [2, fig. 3b]). More in 
general, the same trend has been discussed by Wang, et al. [18] for five Z sources (see 

their figure 2). Moreover, for the lower frequency, νm in our notation, they found a related 

trend. For the lower frequencies νm = 700 Hz and νm = 575 Hz the difference ΔrK ≡ ro – ri 

increases from 0.97×10
6
 cm to 1.05×10

6
 cm, whereas the Q values of the frequency νm 

decrease from 7 in table 1 to 5 in table 2. Since more space may be available for the outer 

torus, the Q values of the frequency νo are somewhat lower in tables 1 and 2 compared 

with the Q values of the frequencies νi and νm. Comparable conclusions could be drawn 
for four other pulsars, as has been discussed in ref. [7]. It is stressed that the explanation 

for the magnitude of the Q values is only qualitative. Additional factors may be at work. 

 It has been found by van der Klis et al. [2] that the integrated fractional r.m.s. 

amplitudes (%) for the upper frequency νu (νi in our notation) of Sco X-1 decrease for 
increasing values of νi (see their fig. 3c). This results may reflect more radiation of the 

particles for the lower frequency νi, since the inner torus is then broader and has a higher 

relative charge Qi'  (compare tables 1 and 2). High r.m.s. amplitudes have also been found 
for the outer torus with frequency ν0 for pulsars like SAX J1808.4–3658, XTE J1807–294 

and IGR J00291+5934 and the stellar black hole XTE J1550–564 (see ref. [7]). A broad 

outer torus and high values for the relative charge Qo'  may be relevant factors in the 
explanation of the observed high r.m.s. amplitudes. 

 It is noticed that the three tori model has also been applied to the Earth [19] in 

order to calculate Earth’s net charge and the charges of the van Allen belts. The inner and 

outer van Allen belt are separated with a belt with net zero charge, the so-called electron 
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slot. Radiation properties of these three belts differ. Data given by Vette [20] show, that 

the equatorial omnidirectional electron fluxes at different electron energies depend on the 

radial distance from the Earth. Therefore, the values of the radii ri, rm and ro of the three 

tori could be estimated from electron energies of 3 MeV [19]. 
 Another striking feature of the observed QPO frequencies of Sco X-1 is the 

appearance of the QPO signal at about 6 Hz. Table 1 of ref. [1] shows that Q-values of 

the concerning QPO frequency (νoi in our notation) increase from 0.4 to 2, going from 5 
to 14 Hz. According to our line of reasoning, decreasing values for ri and ro (see tables 1 

and 2) may lead to an increased value of Q of frequency νoi. 

 For equatorial orbits around Sco X-1 (i.e., δm ≈ 0), substitution of the value of ms = 
1.4 m


, rs = 10

6
 cm and νs = 300 Hz (an arbitrarily chosen value) into (1.7) yields the 

Lense-Thirring frequencies νLT(mi) and νLT(mm) for mass mi and mm in circular orbits of 

radii ri and rm, respectively. The results in tables 1 and 2 show that the values of νLT(mi) 

and νoi are then of comparable magnitude. For polar orbits around the pulsar (i.e., δm ≈ 
90º) the averaged Lense-Thirring frequency ν̄ L̄T̄ of (1.8) applies, being twice as large as 

the corresponding Lense-Thirring frequency νLT from (1.7). 

 When it is assumed, however, that the gravitomagnetic field B(gm) and electro-
magnetic field B(em) are equivalent, the total magnetic B(tot) = B(gm) + B(em) has to be 

substituted into (1.6). It is found that for short-period binary pulsars B(tot) is usually very 

small compared with B(gm) (see, e.g., ref. [11]). In that case B(tot) ≈ 0 and much smaller 

values for the Lense-Thirring frequencies from (1.7) in tables 1 and 2 will be obtained. 
 No value for the parameter β* for the pulsar of Sco X-1 is yet available. Therefore, 

in order to be able to calculate β*current from (3.3), an estimate for β* must be made. Only 

for the isolated, millisecond pulsar B1821–24 (νs = 328 Hz) a value β* = 2×10
–5

 has been 
extracted from electron cyclotron resonance spectral features (see ref. [11]). For that 

reason, we have used the value β* ≈ 0 for Sco X-1 and for other millisecond pulsars. 

According to (3.2), this assumption also implies that the component of magnetic field at 

the pole Bp


(tot) is much smaller than the gravitomagnetic field Bp(gm). The latter field for 

Sco X-1 can be calculated from (1.4). Introducing the values ms = 1.4 m


, rs = 10
6
 cm, νs = 

300 Hz and  +1 into (1.4), yields an absolute value of Bp(gm) = 1.6×10
16

 G. 
 Substitution of β* = 0 and the other necessary data from tables 1 and 2 into 

equation (3.3) leads to the following values for β*current for the high- and low-frequency 

series, respectively 
 

 s i ocurrent

s i ocurrent

1 0.21(from ) 0.51(from ) 0.45(from ) 0.85,

1 0.24(from ) 0.44(from ) 0.37(from ) 0.83.

Q Q Q

Q Q Q





       

       

 (5.1) 

 

In view of the uncertain values of β* and νs, the values of β*current can only be regarded as 

an estimate (see refs. [7, 8] and a discussion for short period pulsars in ref. [11]). 
 Many authors have tried to find correlations between the different QPO frequencies 

for Sco X-1. For example, van der Klis et al. [1] found a strong correlation between νoi 

and νi, whereas Wijnands and van der Klis [3] discussed the correlation between νmo and 

νio. Titarchuk et al. [5] investigated the dependence of all seven QPO frequencies on νm. 
As an example, the correlation between the QPO frequencies νmi and νi can be 

considered. For that reason, equation (4.3) will be rewritten as follows 
 

 smi
i i i m i i i m i K2

i m

2
( )cos cos , / / .

Gm
Q x f x x r r r r

c r


 


    (5.2) 

 
This relation shows that the predicted ratio νmi /νi depends on several largely independent 

parameters: the relative charge Qi' , the radii ri and rm (f(xi) is only a function of xi ≡ ri /rm) 

and the angles δm and δi. Comparison of table 1 and 2 shows how much these parameters 
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vary in equation (5.2). Ratios like νmi /νi and νmo/νmi may, however, be fairly constant, 

when frequencies vary. 

 

6. SUMMARY AND CONCLUSIONS 
 

 A comprehensive model of seven observed quasi-periodic oscillations (QPOs) for 

Sco X-1 has first been given by Titarchurk et al. [5]. An alternative model predicting 

seven QPO frequencies has recently been presented [7, 8]. In this model the three highest 
QPO frequencies are caused by three tori, as has been summarized in section 2. The 

remaining four low-frequency QPOs may be generated by a gravitomagnetic precession 

mechanism, reviewed in section 4.  
 The three circular tori possess the following properties: the inner torus bears a 

charge Qi, the torus in the middle has an electrically neutral mass mm and the outer torus 

bears a charge Qo. It has been shown, that the corresponding QPO frequencies νi, νm and 
νo of the binary pulsars SAX J1808.4–3658, XTE J1807–294 and IGR J00291+5934, the 

soft gamma repeater SGR 1806–20, the white dwarf VW Hyi, the stellar black hole XTE 

J1550–564 and the supermassive black hole of Sgr A* are compatible with the three 

highest frequencies, following the sequence νi > νm > νo. For the pulsar of Sco X-1 results 
are summarized in tables 1 and 2. The frequencies νi, νm and νo, and the radii ri, rm (or rK) 

and ro for the other stars are presented in refs. [7, 8]. Results of all considered stars are 

summarized in table 3. For comparison, the three tori model has also been applied to the 
Earth in order to calculate Earth’s net charge and the charges of the van Allen belts [19]. 

 Note that calculated inner radii for Sco X-1 ri = 1.67×10
6
 cm and ri = 1.81×10

6
 cm 

in table 3 do not much differ from the corresponding Kepler radii ri = 1.71×10
6
 cm and ri = 

 
Table 3. Summary of frequencies νs, νi, νm and νo and radii rs, ri (or rK) and ro for a number of 

strongly different stars. 
 

 
Star 

 

 
νs 

(Hz) 

 
νi 

(Hz) 

 
νm 

(Hz) 

 
νo 

(Hz) 

 
rs ×106 

(cm) 

ri×106 
e
 

(cm) 

rK×106 
e
 

(cm) 

ro×106 
e
 

(cm) 

Pulsarsa         

Sco X-1 

(high freq. series) 

Sco X-1 

(low freq. series) 

300? 

 

300? 

970 

 

880 

700 

 

575 

94 

 

83 

1 

 

1 

 

1.67 

(1.71) 

1.81 

(1.83) 

(2.13) 

(2.13) 

(2.42) 

(2.42) 

2.64 

(8.11) 

2.86 

(8.81) 

SAX J1808.4–3658 
 

401 
 

682.4 
 

503.3 
 

189 
 

1 
 

2.22 
(2.16) 

2.64 
(2.65) 

3.10 
(5.09) 

XTE J1807–294 

 

191 544.9 358 134 1 

 

2.69 

(2.51) 

3.32 

(3.32) 

3.47 

(6.40) 

IGR J00291+5934 

 

598.88 66.3 5.3 0.71 1 

 

43.8 

(10.2) 

55.1 

(55.1) 

59.0 

(211) 

SGR 1806–20 

 

0.133 1837 625.5 150.3 1 

 

2.15 

(1.12) 

2.29 

(2.29) 

2.51 

(5.93) 

White dwarf 

VW Hyib 
0.016 0.07305 0.04794 0.02612 650 

 

995 

(815) 

1080 

(1080) 

1171 

(1618) 

Black holes         

 

XTE J1550–564c 

 

 

? 

 

268 

 

188 

 

62.9 

 

 

 

(rg) 

6.05 

(5.40) 

(rg) 

(6.84) 

(6.84) 

(rg) 

8.28 

(14.1) 
 

Sgr A*
d
 

 

 

? 

(mHz) 

1.29 

(mHz) 

0.992 

(mHz) 

0.751 

 

(rg) 

3.88 

(3.58) 

(rg) 

(4.26) 

(4.26) 

(rg) 

4.56 

(5.13) 
 
a Adopted mass, ms = 1.4 m


, b ms = 0.86 m


, yielding rISCO = 6Gms /c2 = 0.76×106 cm in Schwarzschild 

space-time. c ms = 9.61 m


. In Schwarzschild space-time rISCO = 6Gms /c2 = 6rg. 
d Adopted mass, ms = 

3.7×106 m


. See ref. [8] for comment to rISCO. e The radii ri and ro within brackets are Kepler radii calculated 
from the frequencies νi and νo. 
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1.83×10

6
 cm. All these radii, however, meet the condition that they are larger than the 

radius of the relativistic innermost stable circular orbit in the Schwarzschild space-time, 
rISCO = 6Gms/c

2
 = 1.24×10

6
 cm. The value of rISCO will decrease by the rotation and by the 

charge of a pulsar (see, e.g., Dadhich and Kale [21]), but we will not quantify these effects. 

 The situation inside the pulsar also deserves attention. If the limiting case dr/dt = 0 
applies to a certain radius r smaller than rs, then charged particles like protons may be at 

rest at that radius r. Application of the condition dr/dt = 0 to the Reissner-Nordstrøm 

space-time, shows that the proposed amounts of charge may be bound at a spherical shell 

slightly outside the outer horizon of the so-called ergosphere [8, section 8]. The radius of 
the outer horizon, rout, in the Reissner-Nordstrøm space-time is given by 
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 (6.1) 

 
Pulsars and black holes may thus bear large stable charges. Although the concerning 

deduction seems straightforward, it has not yet been noticed to my knowledge. As an 

example, for Sco X-1 the calculated charge Qs' = 0.211 of table 1 yields rout = 0.409×10
6
 cm. 

Note that rISCO is larger than rs, whereas rout is smaller. 

 In table 4 the assigned low QPO frequencies νmo, νio, νmi and νoi from (4.1)–(4.4) 

for five pulsars, including Sco X-1, and two black holes have been summarized. It is 

usually found that νmo > νio > νmi > νoi. For the pulsars IGR J00291+5934 and SGR 1806–
20 the ratio νi/νo is much larger than unity value, however, and the sequence changes to 

νmi > νoi > νmo > νio. In addition, the relative charges Qi', Qo' and Qs' (Qi' is defined by Qi' ≡ 

(G
½
 ms)

–1
Qi and so on) are given in table 4. It is striking that the values of Qi', Qo' and Qs' 

are lying so close together. The parameters β* and β*current have also been added. For the 

millisecond pulsars it has been assumed that the total polar magnetic field Bp(tot) is small 

compared with Bp(gm), so that β* ≈ 0. The values of β*current can be compared with the 
asymptotic value β*current = – 1. Up to now, the obtained values for Sco X-1 are lying closest 

to this limiting value. 

The considered stars in tables 3 and 4 widely differ with respect to the values of 

the observed frequencies and other properties. Therefore, it is striking that all observed 
QPOs frequencies can be described by the same unifying model. 

 
Table 4. Summary of frequencies νmo, νio, νmi and νoi, relative charges Qs', Qi' and Qo' and 

parameters β* and β*current for Sco X-1 from tables 1 and 2 in this work and for four other pulsars 

and for two black holes from refs. [7, 8]. 
 

 
Star 

 

 

νmo 

(Hz) 

 

νio 

(Hz) 

 

νmi 

(Hz) 

 

νoi 

(Hz) 

 

Qi' 

 

 

Qo' 

 

Qs' 

 

 

β*
 d

 

 

β*current

d

 

 

Pulsarsa          

Sco X-1 (high freq.) 

Sco X-1 (low freq.) 

46 

42 

34.5 

23 

14 

8.1 

4.5 

3 

– 0.17 

– 0.19 

+ 1.87 

+ 2.18 

+ 0.21 

+ 0.24 

≈ 0 

≈ 0 

– 0.85 

– 0.83 

SAX J1808.4–3658 73.6 46.27 15.02 4.97 – 0.24 + 1.62 + 0.33 ≈ 0 – 0.50 

XTE J1807–294 38.3 7.65 3.63 1.67 – 0.17 + 0.82 + 0.26 ≈ 0 – 0.74 

IGR J00291+5934 0.0223 0.012 0.052 0.0430 – 0.30 + 1.77 + 0.44 ≈ 0 – 0.56 

SGR 1806–20 25.7 17.9 92.7 29.0 + 0.13 – 0.38 – 0.26 +125 +1275 

Black holes          

XTE J1550–564b 8.75 5.04 4.090 0.73 – 0.070 + 0.45 + 0.10   

 

Sgr A*c 

(mHz) 

0.531 

(mHz) 

0.296 

(mHz) 

0.130 

(mHz) 

0.0622 – 0.16 + 0.49 + 0.32 

  

 
a Adopted mass: ms = 1.4 m


. b ms = 9.61 m


. c ms = 3.7×106 m


. d See equation (3.3) and section 3. 
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 As an example, the correlation between the QPO frequencies νmi and νi in our 

model has been discussed. The predicted ratio νmi /νi depends on many largely 

independent parameters, but it is difficult to separate off one of them (see section 5). 

Many of these ratios appear to be fairly constant, however. 
 The Lense-Thirring precessions of (1.7) for an equatorial orbit and (1.8) for a polar 

one deserve special attention. For Sco X-1 and SAX J1808.4–3658 the calculated Lense-

Thirring frequencies νLT(mi) and νLT(mm) for mass mi and mm in circular orbits of radius ri 
and rm, respectively, may be compatible with observed QPO frequencies (see section 5). 

In that case, however, two other QPO frequencies (νmo and νio in our notation, see table 4) 

remain unexplained. For the pulsars IGR J00291+5934 and SGR 1806–20 predictions for 
νLT(mi) and νLT(mm) are much lower than observed QPO frequencies (see ref. [7] and 

references therein), leaving four low-frequency QPOs unexplained. 

 Recently, the Lense-Thirring interpretation of low-frequency QPOs has again been 

considered by Altamirano et al. [15]. They reported 35-50 Hz QPOs for the pulsar IGR 
J17480–2446 in Terzan 5 with spin frequency νs = 11 Hz, but concluded that the QPOs in 

this range cannot be explained by Lense-Thirring precession. They also cast doubt on the 

Lense Thirring interpretation for QPOs in the 35-50 Hz range of other Z-sources with 
higher spin frequencies, e.g., νs = 300 Hz (compare with [3, table 1]). Note that our 

prediction for the QPO frequency νmo of (4.1), not depending on spin frequency νs, also 

seems more satisfactory than relations νLT of (1.7) or (1.8), both proportional to νs. 
Considering several dipping/eclipsing neutron-star X-ray binaries, Homan [16], 

suggested, however, that Lense-Thirring precession may already have been observed as 

~1 Hz QPOs. 

 In conclusion, for the pulsar in Scorpius X-1 seven QPO frequencies may be 
extracted from observations [1–5]. As can be seen from tables 1 and 2, the observations 

are compatible with the recently proposed comprehensive QPO model [7, 8], predicting 

seven QPO frequencies. In tables 3 and 4 results are summarized of four other pulsars and 
two black holes, also compatible with this new model. 

 The deduction of the four low-frequency QPOs starts from the assumption that the 

gravitomagnetic field, generated by rotating mass is equivalent to the magnetic induction 

field generated by moving charge [7, 8]. As long as other explanations, like the Lense-
Thirring interpretation for low-frequency QPOs [16], are not confirmed, the gravito-

magnetic precession model may be an alternative. Another indication for the equivalence 

of both fields is the approximate validity of the so-called Wilson Blackett law [10, 11]. It 
is noticed, that the description in terms of a gravitomagnetic field is generally accepted 

within orthodox general relativity, but the proposed equivalence with the electromagnetic 

field is not. Moreover, the latter assumption is in contradiction with the analysis of the 
gravitomagnetic precession rates of four gyroscopes by Gravity Probe B and with the 

analyses of the Lense-Thirring precession of the orbits of two LAGEOS satellites. The 

validity of these results has been criticized, however (see, e.g., discussion in refs. [12, 

13]). In view of the latter uncertainty, the proposed interpretation of the low-frequency 
QPOs, may be a viable option. 
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