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Abstract. We ascribe the interpretation of the twin kilohertz Quasi Periodic Oscillations (kHz QPOs) of X-ray spectra of
Low Mass X-Ray Binaries (LMXBs) to MHD Alfvén wave oscillations in the different mass density regions of the accreted
matter at the preferred radius, and the upper kHz QPO frequency coincides with the Keplerian frequency. The proposed model
concludes that the kHz QPO frequencies depend inversely on the preferred radius, and that theoretical relation between the
upper frequency (ν2) and the lower frequency (ν1) is ν1 ∼ ν22, which is similar to the measured empirical relation. The separation
between the twin frequencies decreases (increases) with increasing kHz QPO frequency if the lower kHz QPO frequency is more
(less) than ∼400 Hz.
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1. Introduction

The launch of the X-ray timing satellite, Rossi X-ray Timing
Explorer (RXTE), led to the discovery of Quasi Periodic
Oscillations (QPOs) of LMXBs in their X-ray brightness, with
frequencies ∼10−1−103 Hz (see van der Klis 2000, for a re-
cent review). Thereafter, much attention has been paid to
the kHz QPO mechanism of LMXB; however the proposed
models are still far from explaining all detected data. The
Z sources (Atoll sources), which are high (less) luminous neu-
tron star (NS) LMXBs (Hasinger & van der Klis 1989), typ-
ically show four distinct types of QPOs (van der Klis 2000).
At present, these are the normal branch oscillation (NBO)
νNBO � 5−20 Hz, the horizontal branch oscillation (HBO)
νHBO � 10−70 Hz, and the kHz QPOs ν2(ν1) � 300−1300 Hz
that typically occur in pairs in more than 20 sources, with up-
per frequency ν2 and lower frequency ν1. In 11 sources, nearly
coherent burst oscillations νburst � 270−620 Hz have also been
detected during thermonuclear type I X-ray bursts; these are
considered to be the NS spin frequencies νs or their first over-
tone (see, e.g., Strohmayer & Bildsten 2003). Moreover, the ex-
istence of a third kHz QPO has also been reported in three low-
luminosity sources (Jonker et al. 2000). All of these QPOs but
the burst oscillations have centroid frequencies that increase
with the inferred mass accretion rate Ṁ. Furthermore, the fre-
quencies ν2 and ν1, as well as the frequencies ν2 and νHBO, fol-
low very similar relations in five Z sources, and the QPO fre-
quencies of LMXBs and black hole candidates (BHC) have a

tight and systematical correlation over three orders of magni-
tude in frequency (Psaltis et al. 1998, 1999; Belloni et al. 2002).

Various theoretical models have been proposed to account
for the QPO phenomenon in X-ray binaries (for a review see,
e.g., Psaltis 2000). In the early detection of RXTE, the up-
per kHz QPO (ν2) was simply considered to originate from
the Keplerian orbital frequency at the preferred radius, and the
lower kHz QPO (ν1) is attributed to the beat of this frequency
with the stellar spin frequency νs (Strohmayer et al. 1996;
Miller et al. 1998). However, this beat model is inadequate, for
the detected frequency separation (∆ν ≡ ν2−ν1) decreased sys-
tematically with instantaneous Ṁ (see, e.g., van der Klis 2000).
Later on, general relativistic effects were invoked to account for
kHz QPOs (Stella & Vietri 1999; Stella et al. 1999; Psaltis &
Norman 2000), which can satisfactorily explain the variation
in kHz QPO separation ∆ν. Moreover, the theory of epicyclic
parametric resonance in relativistic accretion disks was pro-
posed (Abramowicz et al. 2003), where the twin kHz QPOs
occur at the frequency of meridional oscillation and the radial
epicyclic frequency in the same orbit, which can explain the
frequency ratio 3:2 detected in black hole candidates. Although
many other feasible ideas have also proposed, such as the
disk seismic model (Wagoner 1999), a two-oscillator model
(Osherovich & Titarchuk) and the photon bubble model (Klein
et al. 1996), no model has yet explained satisfactorily all ob-
served QPO phenomena of LMXBs until now.

In this paper, the MHD Alfvén wave oscillation model is
proposed, and its predictions and comparisons with the well
detected sample sources are shown in the figures.

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20035808

http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20035808


402 C. Zhang: The MHD Alfven wave oscillation model of kHz Quasi Periodic Oscillations of Accreting X-ray binaries

2. The model

The model’s idea is traced to the analogies with magnetic
waves in coronal oscillations in solar physics, where the
MHD turbulence driven by Alfvén wave oscillations occurs in
the magnetic loops of the Sun’s coronal atmosphere (Roberts
2000). While the dynamical details of the mechanisms respon-
sible for the kHz QPOs in LMXBs are still uncertain, it is con-
venient to imagine that the MHD Alfvén wave oscillations oc-
cur at a certain preferred radius, where a MHD tube loop may
be formed to conduct the accreted matter to the polar cap of
star. Nevertheless, it is assumed that this preferred radius is a
critical or a transitional radius where the spherical accretion
matter with low mass density is transferred into polar channel
accretion with high mass density that follows the loop and ac-
cretes onto NS polar cap. Possibly, this critical transition may
give rise to MHD turbulence so that much more energy is lib-
erated than at other positions.

As a phenomenological prescription, we associate the twin
kHz QPO frequencies with the Alfvén wave oscillation fre-
quencies (AWOFs) at a preferred radius described in the ap-
pendix, where the AWOF with the spherical accretion mass
density coincides with the Keplerian orbital frequency νK and
the AWOF with the polar accretion mass density corresponds
to a lower frequency. As a preliminary investigation, we are
not concerned with the actual mechanisms of producing the
kHz QPOs in the X-ray fluxes of LMXBs (see, e.g., Miller
et al. 1998; Psaltis 2000). Rather, our main purpose is to
stress the consistence between the model and the measured
kHz QPO data, and leave the arguments concerning the pos-
sibility of the mechanism to a later paper.

At the preferred radius r, the Alfvén velocity is, vA(r) =
B(r)√

4πρ
, where B(r) = Bs(R/r)3 and Bs are the dipole magnetic

field strengths at radius r and at the surface of star with radius R,
respectively. Therefore, the AWOF νA is

νA(r) =
vA(r)
2πr

=
Bs(R/r)3

2πr

√
S vff
4πṀ

∝ √S , (1)

where the mass density of the accreted matter, ρ = Ṁ/[S vff]
(Shapiro & Teukolsky 1983) is applied with the free fall ve-
locity vff =

√
2GM/r = c

√
Rs/r, where Rs = 2GM/c2 is the

Schwarzschild radius and can be expressed as Rs � 3m (km) =
0.3m (10 km) with m = M

M�
, the NS mass in units of solar mass,

and the area S representing the spherical area Sr or the polar
cap area Sp, respectively,

Sr = 4πr2, (2)

Sp = 4πR2(1 − cos θc), sin2 θc = R/r ≡ X, (3)

where θc is the open angle of the last field line to close at ra-
dius r. As an approximation, the polar cap area is usually writ-
ten as Sp =

2πR3

r if R � r (Shapiro & Teukolsky 1983). For
simplicity, it is convenient to write the two areas by means of
the scaled radius parameter X ≡ R/r, so we have,

Sr = 4πR2X−2, Sp = 4πR2
(
1 − √1 − X

)
. (4)

Fig. 1. ν2 versus ν1 plot. The horizontal axis is the lower kHz QPO fre-
quency ν1 and the vertical axis is the upper kHz QPO frequency ν2.
The kHz QPO data of four detected sample sources are plotted. The
model presents a good consistence with the measured data for the
NS averaged mass density parameters A = 0.6, 0.7 and 0.8, which
are shown in the three theoretical curves from bottom to top.

It is assumed that ν2 and ν1 are from the MHD Alfvén wave
oscillations with the different accreted material mass densi-
ties, corresponding to the different areas Sr and Sp respectively,
and ν2 coincides with the Keplerian frequency at the preferred
radius (see Appendix), therefore,

ν2 =

√
GM

4π2r3
= νA(Sr) = 1850 (Hz) AX3/2, (5)

with the parameter A defined as A = (m/R3
6)1/2 and R6 =

R/106 cm. The physical meaning of A is clear in that A2

represents the NS averaged mass density. So, by means of
Eq. (1) with the correlation νA ∝

√
S , we obtain the lower

kHz QPO frequency,

ν1 = νA(Sp) = ν2
√

Sp/Sr = ν2X

√
1 − √1 − X. (6)

The twin kHz QPO frequencies only depend on two variables,
the parameter A and the scaled radius X, so these two variables
are implied if the twin kHz QPO frequencies are detected si-
multaneously. Therefore, the ratio of the twin frequencies is
obtained easily, by setting y(X) = ν2

ν1
,

ν1
ν2
= y−1(X) = X

√
1 − √1 − X, (7)

which is independent of the parameter A and is only related to
the parameter X. Furthermore, the twin frequency separation is
given as follows,

∆ν ≡ ν2 − ν1 = ν2
(
1 − X

√
1 − √1 − X

)
. (8)

The comparisons of the model’s conclusions to the four de-
tected sample sources, Sco X-1 (van der Klis et al. 1997),
4U1608−52 (Méndez et al. 1998a,b), 4U1735-44 (Ford et al.
1998) and 4U1728−34 (Méndez & van der Klis 1999), are
shown in the figures. The relations ν2 versus ν1 and ∆ν ver-
sus ν1 are plotted in Figs. 1 and 2, respectively, and they
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Fig. 2. ∆ν versus ν1 plot. The horizontal axis is the lower kHz QPO fre-
quency ν1 and the vertical axis is the twin kHz QPO frequency separa-
tion ∆ν. The kHz QPO data of four detected sample sources are plot-
ted. The model presents a good consistence with the measured data for
the NS averaged mass density parameters A = 0.6, 0.7 and 0.8, which
are shown in the three theoretical curves from bottom to top.

show that the agreement between the model and the observed
QPO data is quite good for the selected ranges of NS parame-
ters A = 0.6, 0.7 and 0.8. In Fig. 2, we find that ∆ν increases
with increasing ν1 if ν1 < 408 (A/0.7) Hz and∆ν decreases with
increasing ν1 if ν1 > 408 (A/0.7) Hz. The theoretical relation
between the twin frequencies is derived from Eqs. (5) and (6),

ν1 = 629 (Hz)A−2/3ν5/32k

√
1 −

√
1 −

(
ν2k

1.85A

)2/3
, (9)

where ν2k = ν2/(1 kHz). If ν2 � 1850A(Hz) = 1295
(

A
0.7

)
(Hz),

then we obtain the approximated theoretical relation between
the twin kHz QPO frequencies,

ν1 = (382/A) (Hz)ν22k = 546 (Hz)
( A
0.7

)−1

(ν2k)2 . (10)

A similar ν1–ν2 empirical correlation has also been found for
the measured kHz QPO sources (see, e.g., Stella et al. 1999;
Psaltis et al. 1998; Psaltis 2000; Psaltis & Norman 2000). In
Fig. 3, we plot the ν2/ν1 versus ν1 diagram, and it is found
that the ratio ν2/ν1 decreases with increasing ν1. The aver-
aged frequency ratio for the four sample sources is about
〈y〉 = 1.4 = 7:5, corresponding to the averaged X, 〈X〉 = 0.88.
In Fig. 4, we plot ν2/ν1 versus X, and find that the theoreti-
cal curve is independent of the parameter A, which reflects the
pure geometrical scaling relation between the twin frequency
ratio and the parameter X = R/r. The X distributions for the
four examples are very similar (from X = 0.8 to X = 0.93),
which implies that the dynamic mechanism that accounts for
kHz QPO is intimately related to the scaled radius X and has
no direct relation with the other physical quantities.

In conclusion, the consistence between the model and the
detections is robust, and the main results are summaried as fol-
lows: (1) the twin QPOs are inversely (proportionally) related
to the radii (the accretion rate); (2) the theoretical relation be-
tween the twin frequencies is ν1 ∼ ν22; (3) the separation be-
tween the twin frequencies decreases (increases) with increas-
ing the kHz QPO frequency if the lower kHz frequency is more

Fig. 3. The ratio between the twin kHz QPO frequencies versus the
lower kHz QPO frequency. The three theoretical curves represent the
NS mass density parameter conditions with A = 0.6, 0.7 and 0.8 from
bottom to top. The data of four sample sources are plotted.

Fig. 4. The ratio between the twin kHz QPO frequencies versus the
parameter X ≡ R/r. The horizontal axis is X and the vertical axis is the
ratio y = ν2/ν1. It is found that the theoretical curve is independent of
the NS mass density parameter A. The two horizontal lines represent
y = 5:4 and y = 5:3, from bottom to top, respectively, which cover the
ratios of the detected kHz QPO data of the four samples.

(less) than ∼400 Hz; (4) the ratio between the twin frequencies
is only related to the scaled radius parameter X, and the ho-
mogenous kHz QPO frequency distributions of four detected
sources indicate that these frequencies are from regions close
to the surface of the NS, approximately, from 1.08R to 1.25R.
With regard to conclusion (3), for the theoretical ∆ν–ν1 rela-
tion with ν1 < 400 Hz future detection is needed to confirm
this prediction.
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Appendix: On the preferred radius

The Alfvén radius RA is determined by the condition that
the magnetic ram pressure should match the plasma mo-
mentum energy density (Shapiro & Teukolsky 1983), where
RA = 1.9 × 106 (cm)B4/7

s8 Ṁ−2/7
17 m−1/7R12/7

6 , and Bs8 the surface
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field in unit of 108 Gauss, Ṁ17 the accretion rate in unit
of 1017 g/s,

B2(RA)
8π

=
1
2
ρ (RA) v2 (RA) , (11)

or equivalently, vA(RA) = B(RA)√
4πρ(RA)

= v(RA), where vA and v

represent the Alfvén velocity and the free fall velocity, v(r) =
vff(r) =

√
2GM/r = c

√
Rs/r =

√
2vk(r) and ρ(r) = ρff(r) =

Ṁ/[S vff(r)] with the area factor S = 4πr2. In other words, the
Alfvén velocity equals the free fall velocity at the Alfvén ra-
dius. If the area factor S decreases (the polar cap area for in-
stance), the mass density ρ will increase and the Alfvén ve-
locity will decrease. If we set v(r) = vk(r) and ρ(r) = ρff(r),
then we will obtain a preferred radius where the Alfvén veloc-
ity matches the Keplerian flow velocity,

vA(RS 1) =
B(RS 1)√
4πρ(RS 1)

= vk(RS 1). (12)

So, the radius RS 1 can be obtained to be RS 1 = 22/7RA =

1.22RA ∼ (Bs/Ṁ1/2)4/7, where the Alfvén wave oscillation fre-
quency matches the Keplerian frequency, νA(RS 1) = νK(RS 1);
we prefer to call it the quasi sonic-point radius as a distinction
of the sonic-point radius by Miller et al. (1998) and Lai (1998).
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