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Karadelik içeren LMXB

⌫QPO ⇠ 0.01� 450 Hz

HF QPO (~ 40–450 Hz) 7 kaynakta görüldü (4 kaynakta frekans oranı ~1.5 olan çiftler)

VLF QPO (~ 0.01–0.1 Hz) 

LF QPO (~ 0.1–30 Hz) faz gecikmelerine göre A, B, C tipleri 

C-tipi QPO frekansı disk akısı ile ilişkili iken A/B tipleri için ilişki yok
Remillard & McClintock 2006!

ARA&A 44, 49

Black-Hole Binaries 25

Figure 11: High-frequency quasi-periodic oscillations (HFQPOs) observed in
black-hole binary and black-hole candidate systems. The traces in blue show
power density spectra (PDSs) for the range 13–30 keV. Red traces indicate PDSs
with a broader energy range, which may be either 2–30 or 6–30 keV.

et al. 2003; Remillard 2004). The other four sources display pairs of HFQPOs with
frequencies that scale in a 3:2 ratio. Most often, these pairs of QPOs are not de-
tected simultaneously. The four sources are GRO J1655–40 (300, 450 Hz; Remil-
lard et al. 1999; 2002a; Strohmayer 2001a; Homan et al. 2005a), XTE J1550–564
(184, 276 Hz; Remillard et al. 2002a; Homan et al. 2001; Miller et al. 2001),
GRS 1915+105 (113, 168 Hz; Remillard 2004), and H 1743–322 (165, 241 Hz;
Homan et al. 2005b; Remillard et al. 2006b). GRS 1915+105 also has a second
pair of HFQPOs with frequencies that are not in a 3:2 ratio (41, 67 Hz; Morgan
et al. 1997; Strohmayer 2001b).

HFQPOs are of further interest because they do not shift freely in frequency
in response to sizable luminosity changes (factors of 3–4; Remillard et al. 2002a;
2006b). There is evidence of frequency shifts in the HFQPO at lower frequency
(refering to the 3:2 pairing), but such variations are limited to 15% (Remillard et
al. 2002a; Homan et al. 2005a). This is an important difference between these
BHB HFQPOs and the variable-frequency kHz QPOs seen in accreting neutron
stars, where both peaks can shift in frequency by a factor of two (van der Klis
2005). Overall, BHB HFQPOs appear to be a stable and identifying “voice-print”
that may depend only on the mass and spin of the BH (§8.2.4).

All of the strong detections (> 4σ) above 100 Hz occur in the SPL state. In
three of the sources that exhibit HFQPOs with a 3:2 frequency ratio, the 2ν0

QPO appears when the PL flux is very strong, whereas 3ν0 appears when the PL
flux is weaker (Remillard et al. 2002a; 2005b). Currently, there is no explanation
for this result.

The commensurate frequencies of HFQPOs suggests that these oscillations are
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Nötron yıldızı içeren LMXB

HF QPO: salınım frekansı ve X-ışın akısı arasında ilişki yok 

⌫QPO ⇠ 0.04� 1300 Hz

VLF QPO (~ 0.04 Hz), örn. 4U 1626–67

LF QPO (~ 1–70 Hz), örn. HBO, NBO, & FBO (Z kaynakları)

HF QPO (~ 200–1300 Hz) genellikle çiftler halinde gözlenir."
(frekans oranları ~ 1.2–3 aralığında değişen ikiz kHz QPO)

kHz QPO frekansları ve X-ışın akısı kısa dönemde (~ saatler) ilişkili,"
ancak uzun dönemde (> gün), ilişki bozulur ve paralel izler belirir.

van der Klis 2000!
ARA&A 38, 717

Sco X-1



�⌫ = ⌫2 � ⌫1 ' ⌫burst = ⌫spinilk gözlemler  —>

düşük kHz QPO frekansı vuru olabilir mi?

NY kHz QPO

—>  Sonik Nokta Vuru Frekans Modeli (Miller et al. 1998, ApJ, 508, 791)

van der Klis 2000!
ARA&A 38, 717

Sco X-1 4U 1608-52



sonraki gözlemler ise �⌫ 6= const.

van der Klis 2000!
ARA&A, 38, 717

Rölativistik Yalpalama Modeli (RPM)

Stella & Vietri 1998, 1999!
(ApJL, 492, L59), (PRL, 82, 17)

Sınır Bölgesi Modeli (BRM)

Alpar & Psaltis 2008 (MNRAS, 391, 1472),!
Erkut et al. 2008 (ApJ, 687, 1220)

NY kHz QPO

⌫1 = ⌫� � ⌫r
⌫l = ⌫� � ⌫✓

⌫2 = ⌫� ⌫2 = ⌫r
⌫1 = ⌫r � ⌫�
⌫l = ⌫r �m⌫� (m � 2)

⌫1 ve ⌫2 " �⌫ #
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FIGURE 1. Power-law fits to the correlation of the frequencies ν1 and ν2 and to the correlation between
the frequency difference ∆ν and ν2 estimated by the BRM for the growing modes at the innermost disk
radius. The power law is given by ν1 =C(ν2/1000)1.9 Hz, whereC= 795 for the solid curve andC= 724
for the dashed curve [6].

rotating neutron stars with νspin ! 400 Hz seem to exhibit kHz QPO pairs for which ∆ν
is around or sometimes even less than νspin/2. The systematic trend of observing small
values of ∆ν/νspin for sufficiently high values of νspin could be the result of a change
in the structure of the BR. In the magnetosphere-disk interaction model, the structure
of the BR depends on the fastness parameter, ω∗ = Ω∗/ΩK(rin). The neutron star is a
slow rotator if ω∗ < 1. For a slow rotator, the BR is sub-Keplerian as mentioned above.
In the accretion regime where the neutron star is a fast rotator (ω∗ ≥ 1), we expect to
find a super-Keplerian BR for rin ≤ r ≤ rA, where rA is the effective magnetic coupling
radius, e.g., the Alfvén radius. The magnetic coupling radius, for a fast rotator, exceeds
the corotation radius rco, where Ω∗ = ΩK. The angular frequency Ω of the disk matter
accreting through the super-Keplerian BR deviates from the Keplerian frequency ΩK to
match the stellar spin frequency Ω∗ at r = rin. Condition for the fast rotator to be an
accreting neutron star and not to be a propeller can be written as ΩK ≤ Ω ≤

√
2ΩK for

rin ≤ r ≤ rA. Thus, a fast rotator accretes only within a limited range of the fastness, i.e,
1 ≤ ω∗ ≤

√
2. In Figure 2, we display the run of the dynamical frequencies κ (dashed

curve) and Ω (dotted curve) throughout the super-Keplerian BR for a fast rotator with
ω∗ = 1.4. The angular frequency Ω lies in the ΩK−

√
2ΩK range (region bounded by

the solid cuves) as expected. The radial epicyclic frequency κ is always less than Ω∗
and sometimes even less than Ω∗/2. As compared to the right panel of Figure 2, rA has
a greater value in the left panel. Note that κ(rin) decreases as rA decreases. Although
the mode analysis is necessary to distinguish among different hydrodynamic modes, it
is noteworthy to find the frequency separation of two consecutive modes to be ∆ω ≃ κ
if the high-frequency modes withΩ±κ and Ω branches determine the kHz QPOs in the
fast rotator regime. For the fast rotators, ∆ω decreases as Ṁ increases since rA ∝ Ṁ−2/7

for the Alfvén radius.

BRM ile tahmin edilen frekans-frekans ilişkilerine uydurulan kuvvet yasası"
dönme frekansı 300 Hz olan bir NY (kesiksiz çizgi), Sco X-1 (kesikli çizgi)

⌫1 = C
⇣ ⌫2
1000

⌘1.9
Hz

C = 724 kesikli çizgi (Sco X-1)   (Psaltis et al. 1998, ApJL, 501, 95)"
C = 795 kesiksiz çizgi (dönme frekansı 300 Hz olan bir NY)   (Erkut 2011, AIPC, 1379, 103)

Erkut 2011, AIPC, 1379, 103



We estimate the expected hydrodynamic corrections to the os-
cillatory mode frequencies typically identified with high-frequency
QPOs using the scaling of the viscous and thermal frequencies in
an !-disk, i.e.,
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The fractional hydrodynamic correction to, e.g., the Re(!(1)
2 ) ’

## !mode is determined by the acoustic response provided that
! is not close to unity,
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The growth rate of the same modes is ’!" , and hence, the
quality factor Q of the corresponding QPO will be at most
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and the resulting width of the QPO will be ’j!# #j/Q ’ !" .
Combining equations (37) and (38) we obtain for the hydro-
dynamic correction to the mode frequency in units of the width
of the corresponding QPO the relation
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It is clear from this expression that, even for relatively large values
of the parameter ! ’ 0:1, the QPOs will have frequencies that
are distinct from the corresponding test-particle frequencies by
amounts that are several times larger than the QPO widths.

3.2. Excitation of Global Hydrodynamic
Free Oscillation Modes

The growth rates of free oscillation modes are determined by a
number of parameters characterizing the boundary region in the
inner disk. In this region, the angular velocity of the disk matter
makes a transition from the Keplerian rotation to match the stel-
lar rotation rate. Our analysis depends on the local values of these
parameters at any particular radius rwithin this transition or bound-
ary region. Themain parameters are the ratio of the radial epicyclic
frequency # to the orbital angular frequency!, the radial surface
density profile % (eq. [17]),!"/!s, the ratio of the radial drift ve-
locity to the sound speed, and!s/!, the inverse timescale or the
typical frequency associated with the sound speed in units of
the angular velocity. In this section we relate these parameters to
the angular velocity profile!(r) and the dynamical viscosity ""0

in the accretion disk. We then study the local excitation of the
modes in the inner disk or boundary region where the hydro-
dynamic effects are important.

The ratio #/! of the epicyclic and orbital frequencies is related
to the orbital frequency profile !(r) through the relation

# 2

!2
¼ 4 1þ 1

2

d ln!

d ln r

! "
: ð40Þ

In a non-Keplerian boundary-transition region of the accretion
disk around a neutron star that is a slow rotator,!(r) is less than

the Keplerian value!K(r). Proceeding from the Keplerian outer
disk through the transition region, !(r) goes through a maximum
and then decreases to match the star’s rotation rate!& at the inner
radius of the disk. The epicyclic frequency #, degenerate with!K

in the outer disk, increases through the transition region. The ratio
#/! equals 2 at the radius where ! is maximum, has values be-
tween 1 and 2 in the outer parts of the non-Keplerian transition re-
gion, and is larger than 2 in the inner parts. Figure 1 shows the run
of !(r) and #(r) in a typical transition region. The numerical data
for this example are obtained from the model curve shown in
Figure 2a in Erkut & Alpar (2004).
For a viscous accretion disk, we write the turbulent viscosity,

" ¼ !
c2s
!
; ð41Þ

using the !-prescription (Shakura & Sunyaev 1973). The an-
gular velocity profile in a disk depends on the radial profile of
the vertically integrated dynamical viscosity,

""0 ¼
Ṁ

3&
f (r); ð42Þ

and the appropriate boundary conditions. Here, f (r) is a dimen-
sionless function for the dynamical viscosity. The run of f as a
function of the radial distance in the typical disk transition re-
gion is also shown in Figure 1 (see Erkut & Alpar 2004). The
radial profile of f is independent of the particular prescription for
". However, once we specify the kinematic viscosity as in equa-
tion (41), we can relate the surface density profile (see eq. [17]),
using equations (41) and (42), to the orbital frequency profile and
other parameters of the boundary region through

% ¼ d ln f

d ln r
þ d ln!

d ln r
# 2

d ln cs
d ln r

' %0 # 2
d ln cs
d ln r

: ð43Þ

Fig. 1.—Radial profiles of the orbital frequency!(r), epicyclic frequency #(r),
Keplerian frequency !K(r), and the vertically integrated dynamical viscosity f (r)
throughout the inner disk. This example is based on a typical boundary region
model from Erkut & Alpar (2004). The frequencies are given in units of !K(rin).
In this particular example, the actual orbital frequency at the inner disk bound-
ary and the rotation rate of the neutron star are half the Keplerian value at rin,
!(rin) ¼ !& ¼ !K(rin)/2.

ERKUT, PSALTIS, & ALPAR1224 Vol. 687

Erkut et al. 2008, ApJ, 687, 1220

NY için BRM (Alpar & Psaltis 2008, MNRAS, 391, 1472; Erkut, Psaltis, & Alpar 2008, ApJ, 687, 1220)

NY manyetosferi ve disk etkileşimi —> manyetik frenleme —> Kepler altı sınır bölgesi

 = 2⇡⌫r

genlikleri büyüyen frekans bandları

e.g. ⌫2 = ⌫r

⌫1 = ⌫r � ⌫�

KD QPO için de BRM uyarlandı ve frekans oranlarını açıklamada kullanıldı (Erkut 2011, ApJ, 743, 5)

�

global mod analizi —>

⌦ = 2⇡⌫�

rin ' rA /
⇣
Ṁ/B2

⌘�2/7

kritik (Eddington) altı yığışma hızları

⌫r = ⌫�

r
4 + 2

d ln ⌫�
d ln r

± ⌦ ve 
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TABLE 1

DISTANCES

Source D (kpc) References

Atoll Sources

4U 0614]09 . . . . . . . 3.0a 1
Aql X-1 . . . . . . . . . . . . . 3.4 2, 3
4U 1702[42 . . . . . . . 6.7a 4
4U 1608[52 . . . . . . . 3.6 5, 6
4U 1728[34 . . . . . . . 4.3 7
4U 1636[53 . . . . . . . 5.5 2, 8
4U 1735[44 . . . . . . . 7.1a 9
KS 1731[260 . . . . . . 8.5 10
4U 1820[30 . . . . . . . 7.5 NGC 6624 ; 11
4U 1705[44 . . . . . . . 11.0a 9, 12

Z Sources

Cyg X-2 . . . . . . . . . . . . . 11.6 13
GX 17]2 . . . . . . . . . . 7.5 9, 12
GX 340]0 . . . . . . . . . 9.5 2
GX 5[1 . . . . . . . . . . . . 7.4 2
Sco X-1 . . . . . . . . . . . . . 2.8 14

NOTE.ÈThe sources and their distances used in
this paper. References for the distances are shown.

a This is an upper limit based on burst Ñuxes. We
use it as the distance in calculating L

x
.

REFERENCES.È(1) Brandt et al. 1992 ; (2) van Para-
dijs & White 1995 ; (3) Thorstensen, Charles, &
Bowyer 1978 ; (4) Oosterbroek et al. 1991 ; (5) Naka-
mura et al. 1989 ; (6) Ebisuzaki 1987 ; (7) Foster,
Fabian, & Ross 1986 ; (8) van Paradijs et al. 1986 ; (9)
Ebisuzaki, Sugimoto, & Hanawa 1984 ; (10) Sunyaev
1990 ; (11) Rich, Minniti, & Liebert 1993 ; (12) Chris-
tian & Swank 1997 ; (13) Smale 1998 ; (14) Bradshaw,
Fomalont, & Geldzahler 1999.

ks deadtime appropriate for events registered as ““ Very
Large Events ÏÏ in the instrument modes used. This deadtime
treatment is approximate and does not take into account,
for example, gain shifts caused by the high count rates. We
compare the Ñux we derive for Sco X-1 with that from
Einstein observations (Christian & Swank 1997). Relative
to GX 17]2, these Ñuxes are the same.

Given the distance, d, and the Ñux, we calculate theF
x
,

luminosity as Note that this assumes theL
x
\ 4nd2F

x
.

emission is isotropic. In quoting luminosities, we normalize
to an Eddington luminosity of 2.5 ] 1038 ergs s~1. Mis-
estimates of distance, like the misestimates of Ñux discussed
above, contribute to a spread in among sources.L

xHowever, the observed range of covers over 2 orders ofL
xmagnitude and this large of a range cannot be explained by

these e†ects alone.
The results of the simultaneous spectral and timing mea-

surements are shown in Figure 1 as a function of Both ofL
x
.

the double kilohertz QPOs are shown; circled bullets are
used to indicate the higher frequency QPO. The lines
connect points in time order, or in the case of Z sources, in
order along the Z track.

In each case, we must identify which of the double QPOs
is observed. In some observations, only one QPO is
detected. As reported in the current literature, all sources
(except Aql X-1) are known to have two QPOs. Both
QPOs, however, are not always present in a given obser-
vation. In 4U 1608[52, the lower frequency QPO peak is
generally the stronger and narrower of the two (see Me! ndez
et al. 1998), thereby providing the identiÐcation. In 4U
0614]09, there is a robust correlation between the position
in the X-ray color diagram and the frequency that allows us
to determine which QPO is present (van Straaten et al.
2000). Similarly, in other sources the relative properties of
the energy spectra or rms values generally allow a Ðrm
identiÐcation of the peak.

The correlation of QPO frequency, with can belkHz, L
xparameterized as Taking the data of the upperlkHz \ AL

x
a .

frequency QPO in Figure 1 for 4U 1735[44 and 4U
1702[42, we Ðnd a \ 0.2 and 0.5, respectively. We note,
however, that these data on the upper frequency QPO come
from observations widely separated in time. Over long time-
scales, the correlation shifts around and parallellkHz-L xlines are observed (see below). This data may therefore
include several tracks of the parallel-line correlations. In the
data of 4U 1608[52, we can separate out the parallel lines

et al. 1999) and measure a within each stretch of(Me! ndez
correlated data. We Ðnd values of a between 0.5 and 1.6

FIG. 1.ÈQPO frequency vs. luminosity, in the 2È50 keV band. is calculated from the distance (Table 1) and the Ñux in the model Ðt for eachL
x
, L

xobservation corrected for absorption and normalized to an Eddington luminosity of 2.5 ] 1038 ergs s~1. Circled bullets are QPOs identiÐed as the higher
frequency of the two QPOs; uncircled bullets are the lower frequency QPO.

plane. We update the luminosity information using the
constancy of L dX

2, for the current value of the source
distance, d, with respect to the value quoted in Ford et al.
(2000). Becausethe distance value given by Ford et al.
(2000)of9.5 kpc for the source GX 340+0does not match
the value estimated for the same source (11.8 kpc) by the
reference therein, we exclude this source from the present
analysis. The exclusion of GX 340+0 does not affect our
analysis becausethe number of data points contributed by this
source to the statistical significance of the correlation is limited
to three(Ford et al. 2000).

The up-to-date distribution of 15 LMXB sources in the O1
versus LX plane is shown in Figure 2(a). The range of lower
kHz QPO frequencies is roughly between 200 and 1000 Hz for
each source that differs by orders of magnitude in its X-ray
luminosity from any other source in the same distribution. We
confirm the absence of any correlation between O1 and LX,
which was first pointed out by Ford et al. (2000). To search for
a possible correlation between O1 and accretion-related
parameters, we assume that LX is a good indicator of accretion
luminosity, that is, �L GMM RX ˙ , where Ṁ is the mass

accretion rate, and M and R are the mass and radius of the
neutron star, respectively. Note that Ṁ can be inferred from
LX,provided that the compactness ratio, M/R, is known. For
the majority of equations of state (EoS) in the literature,

_M R 0.5 2– with M and R being normalized to :M1 and 10
km, respectively. For illustrative purposes, in Figure 2(b), we
show the distribution of sources in the O1 versus Ṁ plane for the
best correlation between O1 and Ṁ using the FPS EoS in
Pandharipande & Ravenhall (1989). The distribution in
Figure 2(b) is obtained by shifting the Ṁ range (inferred from
the LX range) of each source according to different M and R
values (Table 2) estimated by the static limit of the FPS EoS
(Cook et al. 1994) until the best correlation with a minimum
sum of squared errors (SSE) is found. We repeat the same
procedure for other EoSs, such as SQM3 (Prakash et al. 1995).
The source distribution is not expected to be sensitive to the
choice of EoS becausethe compactness ratio has a narrow
range of values �0.5 2( – ) in the zoo of EoS. The minimization
of the SSE (residuals) between data and the values of the model
function is done using the Marquardt–Levenberg algorithm.
The correlation coefficient,

� �C 1
SSE
SST

, 4r ( )

can be used as an estimate of correlation strength (Mar-
quardt 1963; Motulsky & Ransnas 1987; Press et al. 2007). The
value of Cr, however, does not yield a direct measure of the
correlation strength. To the extent thatCr is different from zero,
it is possible to reject the null hypothesis that two variables are
uncorrelated. The strongest correlation corresponds to �C 1r

(SSE=0). We calculate the SSE using

�� �y fSSE 5
i

i i
2( ) ( )

and the sum of squared totals using

�� �y ySST , 6
i

i
2( ¯) ( )

Figure 2. Distribution of sources in the plane of lower kHz QPO frequency vs.
LX in the 2–50 keV band reported by Ford et al. (2000), according to the
current distances and their uncertainties (horizontal error bars) estimated by the
present work (panel (a)). Lower kHz QPO frequency vs. Ṁ and M B2˙ are
shown (without error bars) in panels (b) and (c), respectively. All panels
include the additional data of 4U 1636–53 (Belloni et al. 2007) and the data of
XTE J1701–462 (Sanna et al. 2010). For each source, Ṁ is inferred from LX
using the mass and radius estimation by the FPS EoS (Pandharipande &
Ravenhall 1989; Cook et al. 1994).

Table 2
Correlation-based Estimations of Mass, Radius, and Magnetic Field

O1 versus Ṁ O1 versus M B2˙
Source :M M R (km) :M M R (km) B (108 G)

4U 0614+09 1.8 9.35 1.7 10.2 1.1
4U 1608–52 1.8 9.35 1.4 10.8 1.1
4U 1636–53 0.6 11.4 1.06 11.1 0.54
4U 1702–42 1.8 9.35 1.8 9.5 3.5
4U 1705–44 1.8 9.35 1.3 11 1.2
4U 1728–34 1.8 9.35 1.4 10.8 1.4
4U 1735–44 1.8 9.35 1.4 10.8 1.8
4U 1820–30 1.8 9.35 1.4 10.8 3.6
Aql X-1 0.6 11.4 1.2 11 0.3
Cyg X-2 1.8 9.35 1.4 10.8 11.5
GX 5–1 1.8 9.35 1.8 9.35 21.9
GX 17+2 1.8 9.35 1.4 10.8 9.0
KS 1731–260 0.6 11.4 1.3 11 0.8
Sco X-1 1.8 9.35 1.4 10.8 6.9
XTE J1701–462 1.8 9.35 1.53 10.7 2.0

Note.Mass, radius, and magnetic field values for sources in the O1 versus Ṁ
and O1 versus M B2˙ planes are estimated using the FPS EoS (Pandharipande &
Ravenhall 1989; Cook et al. 1994).
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LX ' GMṀ

R

NY içeren LMXB kümesi

arasında ilişki yok

Erkut et al. 2016, ApJ, 831, 25

arasında ise bir ilişki mümkün

NY-madde etkileşimi manyetik kökenli olabilir!

B ⇠ 107 � 109 G

(zayıf manyetik alana sahip NY kümesi) 

⌫1 ve LX

⌫1 ve Ṁ/B2



kHz QPO frekansları and X-ışın akısı arasında kısa 
vadede (~saatler) ilişki olsa da uzun vadede (>gün) 

ilişki bozulur ve paralel izler gözlenir.
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Figure 6. Lower kHz QPO frequency versus X-ray flux (upper horizontal
axis) estimated through comparison of the frequency versus count rate data
in Méndez (2000) with those in Zhang et al. (1998a) for Aql X-1. The lower
horizontal axis stands for the mass accretion rate, which we deduce from the
X-ray flux of the source for a neutron star of M = 1.4M� and R = 10 km
using Ṁ = 4⇡d2FXR/GM and a source distance of d = 2.5 kpc (Chevalier et
al. 1999).

versus FX plane. In Figure 6, the upper horizontal axis rep-
resents FX. On the lower horizontal axis of the same figure,
we show, for a neutron star of mass M = 1.4M� and radius
R = 10 km, the mass accretion rate corresponding to the X-
ray luminosity, LX = 4⇡d2FX, where d is the source distance.
As in Erkut et al. (2016), we use LX = GMṀ/R to the extent
that LX is a good indicator of the accretion luminosity, which
seems to be a reasonable assumption in particular for most of
the neutron-star LMXBs when the bolometric flux can be ap-
proximated by the total flux deduced from the source spectra,
which are simultaneously obtained with the QPO frequencies
(Ford et al. 2000).

The FX-range for the parallel tracks of both Aql X-1 and
other sources such as 4U 1608–52 and 4U 1636–53 in Méndez
(2000) can also be estimated from the LX-range these sources
cover in Ford et al. (2000) with the same frequency range for
⌫1. In Figure 7, we present our estimate for the parallel tracks
of individual sources such as 4U 1608–52, 4U 1636–53, and
Aql X-1 in the plane of ⌫1 versus FX (upper horizontal axis in
each panel). Taking into account the relatively recent data of
4U 1636–53 (Belloni et al. 2007) and using the data in Bar-
ret et al. (2008) for Aql X-1, we consider the long-term flux
evolution of the parallel tracks. The plots in Figure 7 can only
be regarded as plausible approximations to the exact ⌫1 versus
FX relations of these sources, and yet they serve our purpose
as samples for studying the lack of correlation between ⌫kHz
and FX of an individual source on long timescales. The lower
horizontal axis in each panel of Figure 7 shows the Ṁ-range
the source covers according to the FX-range for a chosen pair
of M and R of the neutron star and an adopted distance to the
source.

The application of our model to the parallel tracks in Fig-
ure 7 is not only limited to certain values of the neutron-star
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Figure 7. Lower kHz QPO frequency versus X-ray flux (upper horizontal
axis of each panel) estimated through comparison of the frequency versus
count rate data (Méndez 2000; Méndez et al. 2001) with the frequency ver-
sus LX data in Ford et al. (2000) for 4U 1608–52 (panel (a)), 4U 1636–53
(panel (b)), and Aql X-1 (panel (c)). Panel (b) includes the relatively recent
data of 4U 1636–53 (Belloni et al. 2007) when the source is in the low flux
regime. In panel (c), we display the data in Barret et al. (2008), which com-
prise also the data in Méndez et al. (2001). The lower horizontal axis of each
panel represents the mass accretion rate, which we deduce from the X-ray
flux of the source for a neutron star of M = 1.4M� and R = 10 km using a
source distance of d = 4.2 kpc (Erkut et al. 2016) for 4U 1608–52, d = 5.5 kpc
(van Paradijs & White 1995) for 4U 1636–53, and d = 2.5 kpc (Chevalier et
al. 1999) for Aql X-1.

BRM paralel izleri açıklayabilir

⌫1 = ⌫r � ⌫�

⌫r = ⌫�

r
4 + 2

d ln ⌫�
d ln r

Kepler altı yörünge frekansı, sınır bölgesi genişliği

� =
"DBL

2

(Erkut & Çatmabacak 2017, ApJ, 849, 58) 

"(Ṁ) =
Ht

rin

M = 1.4M�, R = 10 km

dolayısıyla kütle yığışma hızı cinsinden modellenebilir.

FX ! Ṁkullanarak



The scatter of numerical data around the fit curve in the δ–Ṁ
plane may also originate from the variations in the effective
magnetic diffusivity, η, of the boundary layer. Reconnection
between toroidal magnetic field components in opposite
directions leads to lower effective conductivity (higher η)
compared to the usual Coulomb or Bohm conductivity (Ghosh
& Lamb 1979). Being associated with reconnection events, the
enhanced η in the boundary layer limits not only the growth of
G
�B , resulting in relatively small values of the azimuthal pitch,

HG, but also the screening of the poloidal magnetic field. The
boundary region for the efficient attenuation of the poloidal
field gets broadened in the radial direction (see Section 2.1).
Both effects can be realized from Equations (16) and (18). As
the coefficient of magnetic diffusivity, DBL, and therefore η,
increases, the attenuation of Bz becomes less steep while HG∣ ∣
decreases and vice versa. To study how HG∣ ∣ evolves as a
function of Ṁ , we substitute Equation (26) into Equation (18)
to write

H
O

O
� �

%
G

⎛
⎝⎜

⎞
⎠⎟∣ ∣ ( )

D b

2
1 , 30

BL 0
2

A

where O O� r( ) ˙r MA K A
3 7. Assuming that DBL and O%

are constants, the Ṁ dependence of the azimuthal pitch can be
estimated as

H � �G
�∣ ∣ ˙ ( )b dm , 313 7

with b and d being positive and negative constants,
respectively. Here, ṁ is the mass accretion rate in units
of �10 g s18 1.
In Figure 14, panel(a) displays the run of HG∣ ∣ as Ṁ changes in

accordance with Equation (31) provided �∣ ∣b 10 , �D 4.2BL ,
and O% � 300 Hz for a neutron star of � :M M1.5 ,
R=11km, and � qB 1.23 108 G. The black dots on the
solid curve correspond to the values of Ṁ , at which the parallel
tracks of 4U1608–52 can be reproduced for the same values of
M, R, and B by the numerical data for δ in Figure 8. Note that the
solid curves for HG∣ ∣ (panel (a) of Figure 14) and δ (bottom-left
panel of Figure 8) are plotted for the same constant value of DBL,
i.e., for �D 4.2BL , and therefore describe the same average
steady-state behavior. If all numerical data for δ in Figure 8
appeared to be arrayed along the steady-state curve for the given
DBL, we would expect to find a strong correlation between the
HG∣ ∣ values for the same DBL and the numerical data for δ, which
are supposed to regenerate the parallel tracks. Panel(b) of
Figure 14 shows the relation between HG∣ ∣ for �D 4.2BL and the
numerical data for δ (bottom-left panel of Figure 8). We observe
that most of the data indicate the existence of a correlation
between the two quantities in alignment with our expectations.
We know from their steady-state behavior for the same DBL that
both HG∣ ∣ and δ increase with Ṁ . The data clusters, which are
centered around the coordinates E H� �G( ∣ ∣ )0.1, 0.12 and
E H� �G( ∣ ∣ )0.19, 0.23 , appear to vitiate the general trend in the

Figure 8. Numerical data (dark spots) for δ as a function of Ṁ , which can reproduce the parallel tracks of 4U1608–52 (Figure 7) for different values of neutron-star
M, R, and B. In all panels, O% � 300 Hz. The solid curve represents the best fit to the numerical data for δ and acts therefore as an approximate model for the steady-
state behavior of δ.
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HG∣ ∣–δ relation by attaining significantly higher δvalues compared
to others (panel (b) of Figure 14). As examples of the most
prominent deviation from the steady state labeled �D 4.2BL ,
these two data clusters can be identified with the two dark spots
lying well above the solid curve in Figure 8. We would reach
similar conclusions if we repeated the same analysis for different
sources or for the same source with different values of M, R,
and B.

Another good example to study the reason for data scattering
around a reference steady state is AqlX-1. Panels(a) and (b) of
Figure 15 are analogous to their counterparts in Figure 14 with
the same neutron-star mass and radius. The relatively high δ
values associated with the data clusters having coordinates
E H� G �( ∣ ∣ )0.1, 0.2 and E HG� �( ∣ ∣ )0.14, 0.25 compared to
others, which seem to follow more or less the average steady state
labeled �D 3.2BL , is the main reason for the data scattering in
the δ–Ṁ plane (bottom-left panel of Figure 10). Note that both
E F� D 2BL and HG∣ ∣ (Equation (30)) depend on DBL. Any δ

data points falling in a range of values incompatible with the HG∣ ∣–
δ relation must therefore be in a different steady or quasi-steady
state. Data clusters characterized by relatively higher values of δ
(Figures 14 and 15) are expected to be labeled with larger DBL
values in comparison with that of the average steady state and
vice versa. The existence of quasi-steady states the source would
occupy with certain DBL values deviating from the average (or
reference) value is highly likely due to magnetic reconnection
events taking place in the boundary region.

4. Discussion and Conclusions

The recent study by Erkut et al. (2016) explaining the lack of
correlation between OkHz and LX in the ensemble of neutron-
star LMXBs has revealed the existence of a possible correlation
between O1 and Ṁ B2. The distribution of QPO frequencies in
the O1–Ṁ B2 plane can be accounted for by the cumulative
effect of the model function fit to individual source data. In this
paper, we calculated O1 using a model function (Equation (27)),
which takes into account the exact matching of the non-
Keplerian boundary region with the Keplerian disk. In
comparison with the model function employed in Erkut et al.
(2016), the present one estimates lower O1 values for the same δ
at a given Ṁ . The region spanned by the present model
function in the O1–Ṁ B2 plane (or the O1–Ṁ plane for a given
B) is relatively broader for the same range of δ (Figure 1). The
observed distribution of OkHz in both individual sources and
their ensemble can therefore be accounted for within a
narrower range of δ using the function in Equation (27).
Although they are slightly different from each other as far as
the δ range is concerned, the model functions in Erkut et al.
(2016) and the present work have the same dependence on Ṁ ,
i.e., the slopes of both functions decrease as δ increases and
vice versa (Figure 1). Instead of employing the function in
Equation (27) for O1, we could use the model function in Erkut
et al. (2016) as well to generate parallel tracks. We would find
similar results, but for slightly higher values of δ. The model
function we derive in Section 2, however, depends on well-
defined parameters such as δ and O O% A, which are given in

Figure 9. Same as Figure 8, but for the regeneration of the parallel tracks of 4U1636–53 (Figure 7).
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terms of ε (typical aspect ratio of the disk) and HG (azimuthal
pitch in the boundary region; Equations (6), (18), and (26)),
and therefore has the advantage of unveiling the physical
mechanism behind parallel tracks within the theory of
magnetosphere–disk interaction.

4.1. Summary of Analysis

The variations of the model parameters such as O% and δ
have several important implications for parallel tracks. If both
of these parameters are kept constant, the model function in
Equation (27) cannot produce any parallel tracks. This is
because all frequencies would be lined up along a single curve
labeled with the constant values of δ and O% in the O1 versus Ṁ
plane. Keeping δ constant but changing O% on the same plane
may lead to two different types of tracks, one with a positive
slope and the other with a negative slope, as shown in Figure 2.
As in the case of ScoX-1, the tracks with negative slopes may
arise for sufficiently small values of δ when O% decreases with
increasing O1 in accordance with the observed correlation
between the two kHz QPO frequencies (Psaltis et al. 1998).
The tracks labeled with relatively small δ values are
characterized by larger slopes and thus by narrower ranges
for Ṁ variations compared to the tracks with larger δ, for which
O% obeys the same frequency–frequency correlation. Keeping
O% constant while modifying δ as in Figure 3 results in parallel

tracks with positive slopes. In particular, we expect from the
morphology and distribution of the tracks observed in atoll
sources that δ increases with the X-ray intensity during the

long-term flux evolution of the source, not only because this
parameter is supposed to vary with Ṁ in alignment with the
theory of disk accretion, but also because the kHz QPO
frequency range of low-intensity tracks is larger than that of
high-intensity tracks (Méndez 2000; Misra & Shanthi 2004;
Barret et al. 2008).
As shown in Section 2.1, δ is directly proportional to the

coefficient of magnetic diffusivity, DBL, in the boundary layer
and the typical aspect ratio of the disk, ε. Modeling the long-
term steady-state variation of ε with Ṁ is straightforward if we
keep DBL constant and use the plausible assumption that the
typical half-thickness of the disk correlates with that of a
standard disk at the magnetopause (Erkut et al. 2016). As
shown in Figure 4, we use a typical example of the steady-state
behavior of δ to generate the parallel tracks in Figure 5 by
choosing a set of quasi-steady states the source can occupy
only at certain values of Ṁ . The source is expected to jump
from one state to another unless the variation in Ṁ is
sufficiently slow; otherwise, δ would follow its steady-state
trajectory. We obtain the numerical data of each track by
evaluating the model function at δ values fluctuating about the
steady solution (solid curve in Figure 4). Fluctuations
correspond to certain Ṁ intervals being sufficiently narrow,
and thus representing relatively short timescales, on which the
rapid variation in Ṁ is highly improbable. In the long-term
evolution, we expect the source to seek a quasi-steady state
consisting of a set of δ and Ṁ values and be stuck there on a
short timescale until a sudden variation in Ṁ occurs. Each
parallel track then coincides with one of the possible quasi-

Figure 10. Same as Figure 8, but for the regeneration of the parallel tracks of AqlX-1 (Figure 7).
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Figure 6. Lower kHz QPO frequency versus X-ray flux (upper horizontal
axis) estimated through comparison of the frequency versus count rate data
in Méndez (2000) with those in Zhang et al. (1998a) for Aql X-1. The lower
horizontal axis stands for the mass accretion rate, which we deduce from the
X-ray flux of the source for a neutron star of M = 1.4M� and R = 10 km
using Ṁ = 4⇡d2FXR/GM and a source distance of d = 2.5 kpc (Chevalier et
al. 1999).

versus FX plane. In Figure 6, the upper horizontal axis rep-
resents FX. On the lower horizontal axis of the same figure,
we show, for a neutron star of mass M = 1.4M� and radius
R = 10 km, the mass accretion rate corresponding to the X-
ray luminosity, LX = 4⇡d2FX, where d is the source distance.
As in Erkut et al. (2016), we use LX = GMṀ/R to the extent
that LX is a good indicator of the accretion luminosity, which
seems to be a reasonable assumption in particular for most of
the neutron-star LMXBs when the bolometric flux can be ap-
proximated by the total flux deduced from the source spectra,
which are simultaneously obtained with the QPO frequencies
(Ford et al. 2000).

The FX-range for the parallel tracks of both Aql X-1 and
other sources such as 4U 1608–52 and 4U 1636–53 in Méndez
(2000) can also be estimated from the LX-range these sources
cover in Ford et al. (2000) with the same frequency range for
⌫1. In Figure 7, we present our estimate for the parallel tracks
of individual sources such as 4U 1608–52, 4U 1636–53, and
Aql X-1 in the plane of ⌫1 versus FX (upper horizontal axis in
each panel). Taking into account the relatively recent data of
4U 1636–53 (Belloni et al. 2007) and using the data in Bar-
ret et al. (2008) for Aql X-1, we consider the long-term flux
evolution of the parallel tracks. The plots in Figure 7 can only
be regarded as plausible approximations to the exact ⌫1 versus
FX relations of these sources, and yet they serve our purpose
as samples for studying the lack of correlation between ⌫kHz
and FX of an individual source on long timescales. The lower
horizontal axis in each panel of Figure 7 shows the Ṁ-range
the source covers according to the FX-range for a chosen pair
of M and R of the neutron star and an adopted distance to the
source.

The application of our model to the parallel tracks in Fig-
ure 7 is not only limited to certain values of the neutron-star
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Figure 7. Lower kHz QPO frequency versus X-ray flux (upper horizontal
axis of each panel) estimated through comparison of the frequency versus
count rate data (Méndez 2000; Méndez et al. 2001) with the frequency ver-
sus LX data in Ford et al. (2000) for 4U 1608–52 (panel (a)), 4U 1636–53
(panel (b)), and Aql X-1 (panel (c)). Panel (b) includes the relatively recent
data of 4U 1636–53 (Belloni et al. 2007) when the source is in the low flux
regime. In panel (c), we display the data in Barret et al. (2008), which com-
prise also the data in Méndez et al. (2001). The lower horizontal axis of each
panel represents the mass accretion rate, which we deduce from the X-ray
flux of the source for a neutron star of M = 1.4M� and R = 10 km using a
source distance of d = 4.2 kpc (Erkut et al. 2016) for 4U 1608–52, d = 5.5 kpc
(van Paradijs & White 1995) for 4U 1636–53, and d = 2.5 kpc (Chevalier et
al. 1999) for Aql X-1.
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Aşırı parlak X-ışını kaynakları (ULX):  Kritik üstü (Eddington üstü) hızlarda kütle yığıştıran NY

Yakındaki yıldız oluşum galaksileri —> ULX oldukça genç sistemler olmalı

LX � LE izotropik ışıma yapan güneş kütleli bir cisim için

İzotropik ışıma varsayımı —> ULX: orta kütleli karadelikler (IMBH: 100–10000 GK)
KD varsayımı + Rölativistik modeller ile QPO frekanslarının yorumlanması —> MBH ⇠ 103 � 104 M�

Ancak, IMBH daha çok yoğun küresel kümelerde olmalı (yaşlı sistemler) —> ULX olma olasılığı düşük

ULX içerebilecek HMXB sistemlerinde madde yığıştıran IMBH oluşturma zorluğu

ULX sistemleri muhtemelen kritik üstü hızlarda kütle yığıştıran NY/Güneş kütleli KD

Gözlenen QPO’lara dayanarak M82 X-2 için IMBH modeli önerilmişti, data sonra M82 X-2’den pulsasyon 
gözlendi —> ULX pulsarı (PULX) olan bir NY (NuSTAR J095551+6940.8)

Kısa süre önce 3 PULX daha keşfedildi + 1 yeni aday —> ULX popülasyonu içinde NY yaygın olabilir
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Table 4. List of ULXs that exhibit quasi-periodic oscillations.

Source ⌫QPO (Hz) FX

�
erg cm�2 s�1

�
d (Mpc) References

M82 X-1 0.12� 5.07 2.5⇥ 10�11 3.63 (1),(2),(3)

M82 X-2 (2.77� 3.98)⇥ 10�3 1.2⇥ 10�11 3.63 (4)

NGC 628 (J013651.1+154547) (0.1� 0.4)⇥ 10�3 10�13 9.7 (5)

Holmberg IX X-1 0.2 1.06⇥ 10�11 3.4 (6)

NGC 5408 X-1 (10� 40)⇥ 10�3 4⇥ 10�12 4.8 (7),(8)

NGC 6946 X-1 8.5⇥ 10�3 2.4⇥ 10�12 5.9 (9)

NGC 1313 X-1 0.0329� 0.46 9.8⇥ 10�12 4.13 (10)

Note—Except the sources such as Holmberg IX X-1 and NGC 6946 X-1 that exhibit only one QPO, we
provide the minimum and maximum values of the QPO frequencies, ⌫QPO, which have been observed
when the average X-ray flux of the source is around the value of FX.

References—(1) Pasham et al. 2014; (2) Pasham & Strohmayer 2013; (3) Mucciarelli et al. 2006; (4)
Feng et al. 2010; (5) Liu et al. 2005; (6) Dewangan et al. 2006a; (7) Dheeraj & Strohmayer 2012; (8)
Strohmayer 2009; (9) Rao et al. 2010; (10) Pasham et al. 2015.

4. INFERENCE OF MAGNETIC FIELD FROM
QUASI-PERIODIC OSCILLATIONS

The long term average luminosity of M82 X-1, the
brightest object in the galaxy M82 in X-ray band, is
close to 5 ⇥ 1040 erg s�1 (Kaaret & Feng 2007), well
exceeding the Eddington luminosity for a solar mass ob-
ject. It was suggested that the X-ray luminosity of the
source may result from accretion onto an intermediate
mass black hole (Caballero-Garćıa et al. 2013; Pasham
et al. 2014; Strohmayer & Mushotzky 2003; Fiorito &
Titarchuk 2004; Kong et al. 2007; Dewangan et al.
2006b; Mucciarelli et al. 2006; Patruno et al. 2006; Zhou
et al. 2010) or a stellar mass black hole (Feng & Kaaret
2010; Okajima et al. 2006). Using the inverse-mass scal-
ing of stellar-mass black holes and the relativistic preces-
sion model of QPOs (Stella & Vietri 1998, 1999; Stella
et al. 1999), the innermost stable circular orbit for M82
X-1 was estimated by Pasham et al. (2014) in the range
5.53 < R/Rg < 6.82, where Rg = GM/c

2. This im-
plies a black hole of mass ⇠ 400M�. For 400M�, the
above constraints give the inner radius of the disk as
3.5 ⇥ 108 cm. This is a typical value for the inner ra-
dius of a disk around a strongly magnetized neutron star
with a magnetic dipole field strength of ⇠ 1012 G and an
interpretation in terms of a neutron star is warranted.
The interpretation of QPOs observed in neutron-

star systems such as accreting millisecond pulsars and
non-pulsating neutron stars in low-mass X-ray binaries
(LMXBs) and X-ray pulsars in high-mass X-ray binaries
(HMXBs) is usually based on the identification of QPO
frequencies, ⌫QPO, in terms of ⌫K,in. In almost all QPO
models, the observed QPO frequencies are thought to

be related to the dynamical frequencies associated with
the motion of the matter at the innermost disk regions.
The characteristic length scale is therefore determined
by the inner disk radius,

Rin =

"
GM⇤

(2⇡⌫K,in)
2

#1/3

, (28)

where ⌫K,in is the Keplerian frequency at R = Rin.
Using Equation 14 and Equation 28, the polar surface
strength of the magnetic dipole field can be estimated
as

B ' 5.3⇥ 1011G

vuutFX,10M
1/3
1 d

2
1 cos

2
↵

�R

4
10⌫

5/3
K,in�

(29)

for a neutron star accreting at super-Eddington rates.
The normalized parameters in Equation 29 are M1 =
M⇤/M�, d1 = d/1 Mpc, R10 = R⇤/10 km, and FX,10 =
FX/10�10 erg cm�2 s�1.
The most commonly employed QPO models are the

beat frequency model (BFM; Alpar & Shaham 1985;
Lamb et al. 1985) and the Keplerian frequency model
(KFM; van der Klis et al. 1987). In terms of the QPO
frequency, ⌫QPO, the Keplerian frequency in Equation 29
can be estimated as ⌫K,in = ⌫QPO and ⌫K,in = ⌫QPO+⌫⇤
according to the KFM and BFM, respectively. Here,
⌫⇤ = ⌦⇤/2⇡ is the spin frequency of the neutron star.
Using the BFM, we write the fastness parameter as

!⇤ =
⌫⇤

⌫QPO + ⌫⇤
. (30)

Although the BFM and occasionally the KFM have
yielded reasonable estimates in particular for the mag-

QPO gösteren ULX listesi

İzotropik olmayan ışıma L
X

= bL
iso

= 4⇡bd2F
X

(b < 1)

iç diskin küreselleşmesi (şişmesi) dikkate alınırsa

QPO frekansları için BRM tahmini: ⌫QPO = ⌫r �m�⌫ (�⌫ ⌘ ⌫2 � ⌫1 = ⌫�)

rin /
�
FX/B

2�
��2/5 / ⌫�2/3

K

(Erkut, Ekşi, & Alpar 2018, gönderilmek üzere)

ve kritik üstü yığışma hızlarında  

bulunur
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(a) BRM estimation of B and ! with respect to �⌫ (b) BFM estimation of B and !⇤ with respect to ⌫⇤

(c) KFM estimation of B with respect to ⌫K,in

Figure 1. Estimation of B in M82 X-1 through the interpretation of ⌫QPO according to the BRM (panel (a)), BFM (panel (b)),
and KFM (panel (c)). In all panels, the red and blue curves (thick and thin) correspond to � = 0.01 and � = 0.3, respectively.
The shaded area between the red and blue curves represents the allowed region for B (left vertical axis). In panel (a), ! (right
vertical axis) is shown by the thin curves and the deduced �⌫ is shown by the vertical line. In panel (b), !⇤ (right vertical
axis) is shown by the thick and thin black curves corresponding to the minimum and maximum values of ⌫QPO, respectively. In
the same panel, the area bounded by the thick (thin) curves is obtained for the minimum (maximum) ⌫QPO. In panel (c), two
vertical lines display the minimum and maximum values of ⌫QPO.

on the other hand, do not consider � as a model param-
eter. Here, � is injected into the magnetic field estimate
of the BFM and KFM only through Equation 29.
Panel (b) of Figure 1 displays the two overlapping re-

gions of B according to the BFM. The shaded region
characterized by relatively high (low) values of B is ob-
tained using the minimum (maximum) ⌫QPO (see Ta-
ble 4). In this panel, we also show the run of the fast-
ness parameter for the minimum and maximum values of
⌫QPO. The allowed range for B can be deduced from the
overlapping part, which covers the ⇠ (0.2� 2)⇥ 1012 G
range as ⌫⇤ changes from 1 to 20 Hz. As there is no
pulsation yet from M82 X-1, the possible range for B

is not conclusive. Panel (c) of Figure 1 shows the KFM
estimate for the allowed region with respect to ⌫K,in and
the two possible ranges of B corresponding to the min-
imum and maximum values of ⌫QPO (Table 4). The
magnetic field is in the ⇠ (1 � 6) ⇥ 1013 G range for
⌫QPO = 0.12Hz. The range for B is ⇠ (0.5�3)⇥1012 G
if ⌫QPO = 5.07Hz. Note that the KFM cannot account

for the high- and low-frequency QPOs in M82 X-1 as
there is no overlap between the estimated ranges of the
magnetic field.

4.2. Results for other ULXs

In addition to M82 X-1, our analysis for all other
sources in Table 4 is similar to the one we summarize
in subsection 4.1. For sources exhibiting more than one
QPO, the magnetic field estimation by the BFM and
KFM depends on the maximum and minimum values of
⌫QPO. For the BRM, we choose one of observed QPOs
(usually with ⌫QPO . 40mHz) in the absence of high-
frequency ones. We identify such a low-frequency QPO
with m = 2 (choosing m > 2 yields similar results for
B). The frequency di↵erence, �⌫, can be deduced ei-
ther from the spin frequency, that is, �⌫ = ⌫⇤ if the
spin frequency is known as in the case of M82 X-2, or
from the consecutive QPO frequencies measured in the
same power spectra. The high-frequency QPOs usu-
ally appear with the low-frequency ones. In the pres-
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Figure 2. Estimation of B in M82 X-2, NGC 628 (J013651.1+154547), Holmberg IX X-1, NGC 5408 X-1, NGC 6946 X-1, and
NGC 1313 X-1 through the interpretation of ⌫QPO according to the BRM. In each panel, the labels, axes, symbols and curves
have the same meaning as in panel (a) of Figure 1.

ence of high-frequency QPOs beside low-frequency ones
(e.g., NGC 1313 X-1), we choose either ⌫QPO = ⌫2 with
m = 0 or ⌫QPO = ⌫1 with m = 1 (see subsection 4.1
for M82 X-1). For sources such as Holmberg IX X-1
and NGC 6946 X-1, a single QPO has been detected
(Table 4). As �⌫ is unknown, the BRM can only de-
pict the allowed region for B over a wide range of fre-
quency di↵erence. Similarly, the BFM cannot constrain
the magnetic field in a narrow range unless ⌫⇤ is known.
For sources with a single QPO, a unique range of B can
only be estimated by the KFM, because ⌫K,in is the only
frequency that determines ⌫QPO in this model.

As seen from Figure 2, the BRM estimates the allowed
region for B in M82 X-2, NGC 628 (J013651.1+154547),
Holmberg IX X-1, NGC 5408 X-1, NGC 6946 X-1, and
NGC 1313 X-1. In Figure 2, we use the spin fre-
quency of the neutron star in M82 X-2 to guess the
frequency di↵erence, i.e., �⌫ = ⌫⇤ = 0.73Hz. Among
the low-frequency QPOs in the pulsating ULX M82 X-
2, we choose ⌫QPO = 3.4mHz as a representative aver-
age value within the observed range in Table 4 with
m = 2. In NGC 628 (J013651.1+154547), the low-
frequency QPO peak, which has been detected as a com-
mon feature in both the power density spectra calculated
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Figure 2. Estimation of B in M82 X-2, NGC 628 (J013651.1+154547), Holmberg IX X-1, NGC 5408 X-1, NGC 6946 X-1, and
NGC 1313 X-1 through the interpretation of ⌫QPO according to the BRM. In each panel, the labels, axes, symbols and curves
have the same meaning as in panel (a) of Figure 1.

ence of high-frequency QPOs beside low-frequency ones
(e.g., NGC 1313 X-1), we choose either ⌫QPO = ⌫2 with
m = 0 or ⌫QPO = ⌫1 with m = 1 (see subsection 4.1
for M82 X-1). For sources such as Holmberg IX X-1
and NGC 6946 X-1, a single QPO has been detected
(Table 4). As �⌫ is unknown, the BRM can only de-
pict the allowed region for B over a wide range of fre-
quency di↵erence. Similarly, the BFM cannot constrain
the magnetic field in a narrow range unless ⌫⇤ is known.
For sources with a single QPO, a unique range of B can
only be estimated by the KFM, because ⌫K,in is the only
frequency that determines ⌫QPO in this model.

As seen from Figure 2, the BRM estimates the allowed
region for B in M82 X-2, NGC 628 (J013651.1+154547),
Holmberg IX X-1, NGC 5408 X-1, NGC 6946 X-1, and
NGC 1313 X-1. In Figure 2, we use the spin fre-
quency of the neutron star in M82 X-2 to guess the
frequency di↵erence, i.e., �⌫ = ⌫⇤ = 0.73Hz. Among
the low-frequency QPOs in the pulsating ULX M82 X-
2, we choose ⌫QPO = 3.4mHz as a representative aver-
age value within the observed range in Table 4 with
m = 2. In NGC 628 (J013651.1+154547), the low-
frequency QPO peak, which has been detected as a com-
mon feature in both the power density spectra calculated
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Figure 2. Estimation of B in M82 X-2, NGC 628 (J013651.1+154547), Holmberg IX X-1, NGC 5408 X-1, NGC 6946 X-1, and
NGC 1313 X-1 through the interpretation of ⌫QPO according to the BRM. In each panel, the labels, axes, symbols and curves
have the same meaning as in panel (a) of Figure 1.

ence of high-frequency QPOs beside low-frequency ones
(e.g., NGC 1313 X-1), we choose either ⌫QPO = ⌫2 with
m = 0 or ⌫QPO = ⌫1 with m = 1 (see subsection 4.1
for M82 X-1). For sources such as Holmberg IX X-1
and NGC 6946 X-1, a single QPO has been detected
(Table 4). As �⌫ is unknown, the BRM can only de-
pict the allowed region for B over a wide range of fre-
quency di↵erence. Similarly, the BFM cannot constrain
the magnetic field in a narrow range unless ⌫⇤ is known.
For sources with a single QPO, a unique range of B can
only be estimated by the KFM, because ⌫K,in is the only
frequency that determines ⌫QPO in this model.

As seen from Figure 2, the BRM estimates the allowed
region for B in M82 X-2, NGC 628 (J013651.1+154547),
Holmberg IX X-1, NGC 5408 X-1, NGC 6946 X-1, and
NGC 1313 X-1. In Figure 2, we use the spin fre-
quency of the neutron star in M82 X-2 to guess the
frequency di↵erence, i.e., �⌫ = ⌫⇤ = 0.73Hz. Among
the low-frequency QPOs in the pulsating ULX M82 X-
2, we choose ⌫QPO = 3.4mHz as a representative aver-
age value within the observed range in Table 4 with
m = 2. In NGC 628 (J013651.1+154547), the low-
frequency QPO peak, which has been detected as a com-
mon feature in both the power density spectra calculated
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Figure 2. Estimation of B in M82 X-2, NGC 628 (J013651.1+154547), Holmberg IX X-1, NGC 5408 X-1, NGC 6946 X-1, and
NGC 1313 X-1 through the interpretation of ⌫QPO according to the BRM. In each panel, the labels, axes, symbols and curves
have the same meaning as in panel (a) of Figure 1.

ence of high-frequency QPOs beside low-frequency ones
(e.g., NGC 1313 X-1), we choose either ⌫QPO = ⌫2 with
m = 0 or ⌫QPO = ⌫1 with m = 1 (see subsection 4.1
for M82 X-1). For sources such as Holmberg IX X-1
and NGC 6946 X-1, a single QPO has been detected
(Table 4). As �⌫ is unknown, the BRM can only de-
pict the allowed region for B over a wide range of fre-
quency di↵erence. Similarly, the BFM cannot constrain
the magnetic field in a narrow range unless ⌫⇤ is known.
For sources with a single QPO, a unique range of B can
only be estimated by the KFM, because ⌫K,in is the only
frequency that determines ⌫QPO in this model.

As seen from Figure 2, the BRM estimates the allowed
region for B in M82 X-2, NGC 628 (J013651.1+154547),
Holmberg IX X-1, NGC 5408 X-1, NGC 6946 X-1, and
NGC 1313 X-1. In Figure 2, we use the spin fre-
quency of the neutron star in M82 X-2 to guess the
frequency di↵erence, i.e., �⌫ = ⌫⇤ = 0.73Hz. Among
the low-frequency QPOs in the pulsating ULX M82 X-
2, we choose ⌫QPO = 3.4mHz as a representative aver-
age value within the observed range in Table 4 with
m = 2. In NGC 628 (J013651.1+154547), the low-
frequency QPO peak, which has been detected as a com-
mon feature in both the power density spectra calculated

(Erkut, Ekşi, & Alpar 2018, gönderilmek üzere)

B ' (0.5� 6)⇥ 1012 G (M82 X-1)

B ' (0.1� 1)⇥ 1013 G (M82 X-2)

B ' (1.5� 50)⇥ 1014 G (NGC 628)

B ' (0.5� 30)⇥ 1013 G (NGC 5408 X-1)

B ' (0.3� 3)⇥ 1013 G (NGC 1313 X-1)



ÖZET VE SONUÇLAR

• Birçok ULX, kritik üstü hızlarda kütle aktarımını gerçekleştiren ve NY içeren HMXB olabilir.

• Kritik üstü rejim ve hüzmeleme faktörü NY içeren ULX modellenmesinde hesaba katılmalıdır.

• NY/KD içeren LMXB yaşlı sistemler olup genellikle Eddington altı hızlarda kütle yığıştırırlar.

• Hem kritik altı hem de kritik üstü rejimlerde gözlenen QPO frekansları BRM altında anlaşılabilir.

• QPO frekanslarının BRM yorumu manyetosfer disk etkileşimine dayanmaktadır.

(i) NY içeren LMXB’deki QPO frekans parlaklık ilişkileri —> B ⇠ 107 � 109 G

• BRM kullanıldığında,

(ii) ULX’den gözlenen QPO frekansları —> B ⇠ 1012 � 1015 G


