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Abstract The quasi-periodic oscillations (QPOSs) in black hole (Bk3tems with
different scales are interpreted based on the magnetionection of large-scale mag-
netic fields generated by toroidal electric currents flowimghe inner region of the
accretion disk, where the current density is assumed to tygoptional to the mass
density of the accreting plasma. The magnetic connectidd)(i¥ltaken into account
in resolving dynamic equations describing the accretiak,din which the MC be-
tween the inner and outer disk regions, between the plungigmn and the disk,
and between the BH horizon and the disk are involved. It torrighat a single QPO
frequency associated with several BH systems with diffeseales can be fitted by in-
voking the magnetic reconnection due to the MC between theriand outer regions
of the disk, including the BH binaries XTE J1859+226, XTE 306500 and GRS
1915+105 and the massive BHs in NGC 5408 X-1 and RE J1034#83#gldition,
the X-ray spectra corresponding to the QPOs for these spareditted based on the
typical disk-corona model.

Key words. accretion, accretion disks — black hole physics — magnegidgi—
stars: individual (XTE J1859+226, XTE J165600, GRS 1915+105) — galaxies:
individual (NGC 5408, RE J1034+396)

1 INTRODUCTION

As is well known, X-ray quasi-periodic oscillation (QPO)dascommon phenomenon in radiation
from black-hole binaries (BHBs). High-frequency QPOs (HFU¥) have been observed in several
BHBs, some of which show interesting 3:2 frequency pairs$d@R15+105, GRO J165%0, XTE
J1550-064, H1743-322), and others display a single QPO (XTE J1859+226, XTEE01600).
QPOs have also been observed in ultraluminous X-ray soytdiexs), e.g., a 54 mHz QPO in
M82 X-1 and a 20mHz QPO in NGC 5408 X-1 were discovered regmdgtby Strohmayer &
Mushotsky (2003) and Strohmayer et al. (2007) with XMM-Newt Strohmayer & Mushotsky
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(2009) discovered another strong 10 mHz QPO in NGC 5408 Xad,faund that the correlation
between timing and spectral properties in this source igaino those of Galactic BHBs.

The first convincing QPO of an active galactic nucleus (AGM}pwliscovered by Gierlinski et
al. (2008) in a narrow line Seyfert 1 RE J1034+396, which @gesnwindow for comparative timing
studies of stellar-mass and supermassive black holes (BHs)~1-hour X-ray QPO observed in
RE J1034+396 is analogous to the 67 Hz QPO in BHB GRS 1915+@kiélton & Done 2010).
In earlier years, quasi-periodic signals like QPOs werealisred in some supermassive BHs. For
example, the power density spectra of two X-ray flares from/Sgobserved in 2000 and 2002
show five distinct peaks at periods©1.00, 219, 700, 1150 and 2250 s (Aschenbach et al. 2004) and
a quasi-periodic flux modulation with a period of 22.2 mirauteas discovered in the X-ray data of
the Sgr A* flare in 2004 (Bélanger et al. 2006).

A number of models have been proposed to interpret HFQPOHiBsBHowever, none of
them can fully explain the characteristics of QPOs, esfigd¢lze correlations of spectral and timing
properties (Remillard & McClintock 2006; Maitra & Miller 2M@). As is well known, HFQPOs in
BHBs are strongly correlated to the steep power law (SPI¢ stasuccessful model of QPOs should
include the link to the corresponding spectral state, atigvior a highly dynamic interplay between
thermal and nonthermal processes with the mechanismstigeoaer a wide range of luminosity
(Remillard & McClintock 2006). QPOs observed in massive Bifis probably related to the bright
state which is similar to the SPL state of BHBs (Strohmayer &shotsky 2003, 2009; Middelton et
al. 2009), and they may have the same origin as the HFQPOs BsB8ierlinski et al. 2008; Bian
& Huang 2010).

Inverse Compton scattering is generally thought to be a [miamradiation mechanism asso-
ciated with the SPL state (Zdziarski 2000; McClintock & Réand 2006, hereafter MR06), and a
disk-corona model is successful in fitting the spectrum ef $PL state (Gan et al. 2009, hereafter
GO09; Huang et al. 2010). Zhao et al. (2009) (hereafter ZO@yjmeted HFQPOs in BHBs as the
magnetic reconnection of large-scale magnetic fields geeeby toroidal electric currents flowing
in the disk without considering the spectral state. In ttd@pgy, we improve the Z09 model based
on the disk-corona model with magnetic connection (MC) affeWe fit both the QPO frequen-
cies and the corresponding X-ray spectra of five BH systertis dviferent scales, in which three
BHBs (XTE J1859+226, XTE J1650-500 and GRS 1915+105), on¢ (WGC 5408 X-1) and one
supermassive BH (RE J1034+396) are included.

This paper is organized as follows. A description of the nh@glgiven in Section 2. The QPO
frequencies and X-ray spectra of the five sources are fitteeldoan the disk-corona model with MC
effects in Section 3. Some issues relating to our model a@udsed in Section 4. Throughout this
paper, the geometric unis = ¢ = 1 are used.

2 MODEL DESCRIPTION
2.1 Origin of Magnetic Fieldsin BH Systems

Large-scale magnetic fields play very important roles irht@gergy astrophysical phenomena. The
relativistic jets from AGNs and BHBs are launched and cddlied by invoking the open large-
scale magnetic fields related to the Blandford-Znajek amesh&lord-Payne processes (Blandford &
Znajek 1977; Blandford & Payne 1982), and the broad irorslinleserved in BH systems could be
interpreted as the transfer of energy and angular momerumd spinning BH to its surrounding
accretion disk by invoking the magnetic connection via tlised large-scale magnetic fields con-
necting the horizon with the inner disk (Wilms et al. 2001]Ibfi et al. 2002; Li 2002a; Wang et
al. 2002, hereafter W02). However, a consensus on the arfgarge-scale magnetic fields in BH
systems has not been reached.

Unlike neutron stars, magnetic fields cannot exist on thézborof an isolated BH, and they
should be maintained by the surrounding environment, saa@naaccretion disk. For BHBs, mag-
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netic fields probably come from the plasma of the companiare &f the most promising origins
of large-scale magnetic fields in BH systems is an accretiglatound the BHs, and some authors
calculated the magnetic field configurations by assumingethee toroidal electric currents in the
disk (Li 2002b; Z09). However, the origin of the currents ens unclear.

In this paper, we intend to interpret the origin of the elieaturrents based on the assumption
that the accreting plasma deviates somewhat from eledtitrality as it flows through the Lagrange
point into the Roche lobe of BHBS, resulting in toroidal eét&ccurrents flowing in the accretion
disk. In addition, we resolve the dynamical equations ofateetion disk by taking the MC effects
into account and calculate the mass density and currenitgémshe disk, and then determine the
configuration of the large-scale magnetic fields by considethe interaction between the electric
current and the disk with an iterative algorithm. It turng that we can fit the association of QPOs
with spectral states in BH systems of different scales baseslir model.

The deviation from electric neutrality is described by diefjra parametey as follows,

1 = |ne — np|/np, (2)
wherene andn, are the number densities of electrons and protons, regplcilhe charge density
can be expressed as

pe = nenp, (2)
wheree = 4.8 x 107 '? esu is the electron charge.

The large-scale magnetic fields generated by the toroiéakréd current may in turn affect
the current. For example, the field lines may pipe hot elestioto the corona above the disk and
therefore change the charge density in the disk. This effiectild be strongest in the inner disk
because the magnetic field intensity is strongest near ttez adge of the disk and decreases rapidly
outwards. For simplicity, we assume this effect decreasbsimcreasing disk radius as a power law
and the surface density of the current in the disk can be egpteas

J=pe-2h-vc 7" =mnenp - 2h - Qr' " = %thQKrlin ) 3)
p

whereh, pm andmy, are the half height of the disk, the mass density and the protss respectively.
The power law index: is a free parameter for fitting the QPO frequency, ane- 0.615 is the
weight-average molecular weight of the gas. The toroidadteic currentis assumed to be distributed
from the inner edge of the disk to the outer boundary of thk-dgona system, a radius which is
set atroyt = 100M in calculations, since the radiation of the accretion diglinty comes from the
inner region.

Following the work of Znajek (1978), Linet (1979), Li (200R&nd 209, we can calculate the
toroidal component of the electric vector potential defead by the current given by Equation (3)
with a given mass density of disk matter. The boundaries efitimer and outer regions can be
determined in terms of the magnetic field configuration. Asnghby Figure 1, there are three types
of magnetic field configurations generated—the MC of the Bt wie disk (MCHD), the MC of the
plunging region with the disk (MCPD), and the MC of the innedauter disk regions (MCDD). In
the MCDD region, the magnetic field lines are frozen in th& dighe inner and outer footpoints. The
field lines will become twisted since the inner and outer poatts have different angular velocities.

In Figure 1, the inner and outer footpoints of the field lifegwn in red, are located a}, (the
inner edge of the disk) ang, respectively. The value of the angular velocity differebetween the
footpoints of this field line is maximal among all the lineglie MCDD region, so this line will first
twist itself and trigger the magnetic reconnection, as shiowFigure 2, which periodically releases
magnetic energy to generate flares with the frequency bamglifference between Keplerian fre-
guencies of the inner and outer footpoints. We interprstftieiquency as the QPO frequency, which

reads
Ok (rin) — Qi (ro)

Vopo = - . (Ti3n/2M73/2 + a*)fl _ (Tg/2M73/2 + a*)fl

;o 4)
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Fig.1 The configuration of large-scale magnetic fields generayeithéo continuous distribution of
toroidal electric current flowing in the disk. The magnetéldilines are plotted by thin lines and the
boundaries between three types of magnetic connection MGHCPD and MCDD) are shown by
thick lines. The red linedplor online) represents the magnetic field line connecting the rggénd
0. The figure is plotted withngy = 10, a. = 0.8, 7 = 0.1, & = 0.3, = 10 '3, andn = 5,
whererr anda are the mass accretion rate in units of the Eddington aocretite and the viscosity
parameter, respectively.

Accretion Disk
Tin fo

Black Hole

Fig.2 A schematic drawing of magnetic reconnection in MCDD, whtaeered line ¢olor online)
represents the field line connecting ragji andro.

wherery, = mg,_1,3.23 x 10~*Hz andmgy = M /My, is the BH mass in units of the solar mags =
a/M is the dimensionless BH spiny, is initialized at the innermost stable circular orbit (ISCO

As shown by Equation (3), parameters&indr, determine the current density and therefore the
magnetic configuration and QPO frequency once the surfacsitgeof disk matter is given. The
value ofny determines the current intensity and therefore the magfielil strength, while that oi
determines the concentricity of the currents and magnetatsi A largem leads to a smaller MCDD
region, a smaller distance betwegp andrg, and hence a lower QPO frequency, while a smaller
n leads to the opposite results. As an example, a contour dfg8éiz QPO of XTE J1859+226 is
plotted inn — n parameter space as shown in Figure 3. It is found that a mamime 1012 is
required to avoid too strong of a magnetic field for a stabletam with the MC effect.
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Fig.3 The contour of a 190 Hz QPO for XTE J1859+226;in n parameter space withgy = 12,
ax = 0.96, m = 0.38 anda = 0.3.

2.2 The Dynamical Equations of Disk and Corona with M C Effects

The dynamical equations of the accretion flow are modifieddisitlering the MC effects on the
transfer of energy and angular momentum (Li 2002a; G09),

E(MDLT —g) = 4nr(QL" — Hyc), (5)
-

d . . '

d—(MDE1 — g%%) = 4mr(QET — Huc®), (6)
/s

where@ andg are respectively the viscously dissipated energy per sl surface and interior

viscous torque of the disk, arfgl consists of two parts,

Q = Qd + Qcon (7)
whereQ)yq is radiated from the disk as a black body,
Qd = O'Te4ff7 (8)

andQc.r is transported into the corona to heat it by the magnetiomeection of tangled small-scale
magnetic fields, and it reads (Liu et al. 2002)
B3 By
=Dy, = 9

QCOI‘ 4.7T A 471'\/% 9 ( )
whereBp, Va andp are the intensity of the small-scale magnetic fields, the&lfspeed and mass
density, respectively.

The quantityHyc in Equations (5) and (6) is the flux of angular momentum, whézds

g L dve 1 (dv 20—
ME = 2 dZZ ’

= 10

d7r  dr 27rdr (10)

where dc and dV are the torque exerted on an infinitesimal annulus of the atiskthe magnetic
flux threading the infinitesimal annulus, respectively.

We can calculate magnetic transfer of energy in a varietyageés of a BH accretion disk by

using an equivalent circuit in an analogous way to Macdog&aldhorne (1982) and W02 as shown
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Fig.4 An equivalent circuit for MCDD, MCPD and MCHD given from Iefi right, respectively.

in Figure 4. Three types of MC (MCDD, MCPD and MCHD), as indézhin Figure 1, are given in
Figure 4, in which a series of loops correspond to the adjaoagnetic surfaces arising from the
rotation of the closed field lines.

The quantities dp, dZp, dZy and dZ¢c are the resistances corresponding to the two adjacent
magnetic surfaces in the disk, the plunging region, the Btizba and the corona, respectively. The
quantities dp and & are respectively the electromotive forces generated bgotiagion of the disk
and the BH horizon as given by W02, anghds the electromotive force due to the rotation of the
plunging region.

The quantitie€;, ;.1 and d7Z; in Equations (6) and (10) are explained for the three differe
disk regions as follows.

(1) MCDD region: ; and€2;, are respectively the angular velocities of the inner footpoand
outer footpoint + 1 of the closed field line on the disk, and the resistanggis defined by

Reodr

2rr

where Rq is the average areal resistivity of the disk and corona, wiiaelated toRy, the
surface resistivity of the BH horizon, as follows

Reor = 77RRH
Ry = 4m = 377 Q.

Hereng is a parameter to adjust the valuelty,,. For simplicity, we setr = 0.1 in calculations.
(2) MCHD region: ; = Qy andQ;,1 = Qp are the angular velocities of the BH horizon and the
disk respectively. The resistance

dZi = chor =

; (11)

(12)

dZi = dZH + dZCOI'7 (13)
where
dzZy = 2pHd9/w. (14)
The parameters in Equation (14) are given by

2

w = (Zn/pn)sind, ph =1 + a® cos 0,

Sy =2Mry, ry = M(1+q), g=+/1—a2. (15)

(3) MCPD region: ©; = Qp and); 11 = Qp are respectively the angular velocities of the plunging
region and the disk, andp is given as follows (Shapiro & Teukolsky 1983; Wang 2000),

(r—2M)L" +2aME"
(r3 +a?r +2Ma?)Et —2aM Lt
The resistance is the same as that in MCDD expressed by Boafi).

Qp = (16)
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We adopt the same assumption as given by G09 about the céneraptical depth of the corona
Tcor = 1 and the height of the cororia= 107,

3 FITTING THE QPO FREQUENCIES AND X-RAY SPECTRA

In our model, the toroidal electric current interacts whk tlynamics of the accretion disk. To solve
dynamical Equations (5) and (6), we must know the configanatif the large-scale magnetic fields
generated by the toroidal electric current, whose didtidiouis related to the surface density of
matter in the disk by Equation (3), apg is in turn calculated by solving the dynamical equations.
For simplicity, we assume that initially there is no electriirrent in the disk, and solve Equations (5)
and (6) withHyc = 0 to get the global solution of the disk-corona system. Thetspa from the
disk-corona system is then simulated with a Monte Carlo oubtiased on the code developed by
GO09. The free parameters of the disk-corona model, e.g. Bl spand mass accretion rate,
can be determined by fitting the observed spectrum. So tHacgudensity of the disk matter is
obtained. Then we consider the interaction between thereleurrent and disk-corona with an
iterative algorithm which consists of the following steps:

(i) Assume a value of the power law indexn Equation (3), e.gn = 5.
(ii) Calculate the surface density of the toroidal electiicrent in the disk and the configuration of
the large-scale magnetic fields.
(i) Resolve the disk-corona system by taking the MC effanto account.
(iv) Repeat steps (ii) and (iii) until the surface densitytled disk matter remains stable.
(v) Calculate the frequenayypo by Equation (4).
(vi) Repeat steps (i)-(v) until the QPO frequency agreeh wiiservations.

Steps (ii)—(ii)) should be repeated several times befaethface density of disk matter becomes
stable. Finally, we simulate the spectrum again and cheaklven it has changed though it usually
has not. Therefore we fitted the spectrum with QPO frequamagieement with the observation.

As argued by Gan et al. (2007), to avoid the negative radidtioc from the inner disk due to
the transfer of energy and angular momentum to the outeriske MCDD, we adjust the radius
of the inner boundary of the disk to deviate outwards from@S&Ithough the deviation is less than
10% of the radius of the ISCO, it results in&0% decrease of QPO frequency.

3.1 Fittingthe HFQPOsin XTE J1859+226 and XTE J1650—500 with the SPL State

Observations show that HFQPOs in BHBs are associated watlSEL state which is character-
ized by a high luminosity (therefore a high accretion ras&ong power-law component and steep
power-law index ' > 2.4). We fit the single HFQPOs and the corresponding X-ray spexfttwo
BHBs: XTE J1859+226 and XTE J165800. The comparisons between the simulated spectra and
the observed ones for XTE J1859+226 and XTE J1&500 are shown in Figures 5 and 6, respec-
tively. The total spectra consist of the thermal componaeritted from the disk and the power-law
component generated by the inverse Compton scatteringtgflsatons by the relativistic electrons
in the corona.

The fitting parameters are listed in Table 1, in whickanda are respectively the mass accretion
rate in terms of the Eddington accretion ratei(x 10'8mpy g s~!) and the viscosity parameter.
The BH mass of XTE J1859+226 was estimated to be in the rafgel2M ., (MRO6). We fit the
spectrum of XTE J1859+226 observed on 1999 OctoberlB5MR06) based on the BH mass with
upper limit 12M, and lower limit 7.6M . Since the BH mass of XTE J16500 has not been
well estimated, we take a larger mass of ¥/3 and a smaller one of #,, which are estimated by
Orosz et al. (2004) to fit the spectrum. A very large BH spingsdred to fit the spectra for the lower
limit of the BH mass, and the lower limit of the BH spin correspling to each BH mass is given in
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Fig.5 The simulated spectra of XTE J1859+226 with different patars: (a)mgy = 12, ax =
0.96, n = 0.38 anda = 0.3; (b) mpH = 12, a. = 0.998, 7 = 0.27 anda = 0.3; (C) mpy =

7.6, ax = 0.998, rh = 0.31 anda = 0.3. The total spectrum and its thermal and Comptonized
components are plotted in solid, dotted and dashed linepeotively. ‘+' represents the results
from observation. The observational data are taken from 84R8e source distance is set at 11 kpc
(Zurita et al. 2002; MR06) and an inclinatiér= 70° is assumed.

Table 1. The spectrum of XTE J165800 is fitted with the lower and upper limits of spin for each
BH mass, but the spectrum of XTE J1859+226 can only be fittél avi extreme Kerr BH using a
lower limit to the BH mass of 7.8/. The value of the viscosity parameteis selected to be in the
range 0.1-0.3 to fit the spectrum of each source. The difference in thisesprobably arises from
the difference in the strength of the small-scale magnedlid fn the disk if the viscous process is
dominated by the tangled small-scale magnetic field. Theegabf the fitting parametersandn

for QPO frequencies are listed in the last two columns in @dblWe fixn at a certain value for
each scale of BH mass. BH systems with a smaller mass havergstrmagnetic field, that allows
a larger value of). A larger value ofn is needed for a smaller BH mass, implying that the toroidal
electric currents are concentrated very close to the ISCO.

3.2 QPOsin NGC 5408 X-1 and RE J1034+396

One of the attractive features of our model is that it is atile in fitting QPOs with corresponding
X-ray spectra observed in BH systems with different scakmhmayer et al. (2007) discovered
a strong 20mHz QPO in the ULX NGC 5408 X-1, and the X-ray timargl spectral properties
are analogous to those exhibited by Galactic stellar-maksiB the ‘very high’ or SPL state. The
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Fig.6 The simulated spectra of XTE J165600 with different parameters: (a)gy = 7.3, a« =
0.87,m = 0.10 anda = 0.2; (b) mpn = 7.3, a» = 0.998, 7 = 0.03 anda = 0.2; () mpH = 4,
ax = 091, m = 0.17 anda = 0.2; (d) mgy = 4, ax = 0.998, 1 = 0.06 anda = 0.2. '+’
represents the results from observation. The observaiiata are taken from Miniutti et al. (2004).
The source distance is set at 2.6 kpc (Homan et al. 2006) amatlamation ofi = 70° is assumed.

fitting parameters for the QPO and X-ray spectrum of NGC 546B afe also listed in Table 1.
The simulated spectra for different parameters and the aosgns to the observed energy spectrum
are shown in Figure 7. However, at present, the BH masses Ksldire permitted to have a wide
range from10%2M, to 10° M, (Miller et al. 2003; Cropper et al. 2004; Roberts et al. 200; &
Gu 2008). We take a very large BH mass16f M, to fit the data of NGC 5408 X-1 since both
the X-ray spectrum and QPO frequency are fitted better forgeicBH mass. The QPO frequency
and spectrum are both taken from Strohmayer et al. (200RA)thit same hydrogen column density,
which are fitted in our model with the lower and upper limitshe BH spin as shown in Table 1.
The first convincing QPO in an AGN was reported by Gierlingkile(2008) in RE J1034+396.
Middelton & Done (2010) suggest that the QPO discovered inIRE34+396 is analogous to the
67 Hz QPO seen in the BHB GRS 1915+105, due to their similardigk dominated’ energy spec-
tra. Unlike other HFQPOs, the 67 Hz QPO in GRS 1915+105 is aemional case, which ap-
pears in the thermal-dominant (TD) state (MRO06). In thissaaion, we fit both the 67 Hz QPO
in GRS 1915+105 and the 0.00027 Hz QPO in RE J1034+396 as aacmmp. The spectrum of
GRS 1915+105 showing the 67 Hz QPO is taken from Middleton &®@010). The spectrum
of RE J1034+396 showing the 0.00027 Hz QPO is taken from Middl et al. (2009) with the
same minimum galactic absorption fixedlatl x 102°cm~2. The ‘hot disk dominated’ spectra of
GRS 1915+105 and RE J1034+396 are both fitted with almost thémum allowable BH spins
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Table1 The Fitting Parameters for QPO Frequencies and X-ray Spectr

Source vopoH2) mpH ax m o n n
XTE J1859+226 190 12 096 038 03 84
0998 027 03 89
7.6 0998 031 03 146
XTE J1650-500 250 7.3 087 010 02 31
0998 0.03 02 9.1 1012
44 091 017 02 177
0998 0.06 02 231
GRS 1915+105 67 18" 0998 025 0.14 169
100 0.998 0.40 0.16 27.0
NGC 5408 X-1 0.02 1.0x10° 095 0012 01 151 10716

0.998 0.005 0.1 155

RE J1034+396 0.00027 7.0x 105" 099 015 0.3 16.4 10~17
0998 0.14 03 164

2.0x 10" 0.998 0.13 0.3 39.7 10715

Notes:*Cui et al. (2000)°MR06; Homan et al. (2003)¢Orosz et al. (2004);Morgan
et al. (1997)7 Strohmayer et al. (2007¥:Gierlinski et al. (2008)Zhou et al. (2010).
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Fig.7 The simulated spectra of NGC 5408 X-1 with different pararset(@)mgy = 10°, a. =
0.95, i = 0.012 anda = 0.1; (b) mgy = 10°, a. = 0.998, i = 0.005 anda = 0.1. The
plot style is the same as in Figure 5. The observational dettakien from Strohmayer et al. (2007).
The source distance is set at 4.8 Mpc (Karachentsev et a2) 20@ an inclination of = 75° is
assumed. The total hydrogen column density is set torbe= 13 x 10%° cm™2 (Strohmayer et al.
2007).

as shown in Table 1, and their comparisons with the obseipectis are shown in Figures 8 and
9, respectively. The disparities between the simulatedtspand the observed ones in the energy
bands 16-30keV for GRS 1915+105 and 08 keV for RE J1034+396 probably indicate that a
second Comptonization process is needed to generate theddirsm as shown in figures 10 and
11 of Middelton & Done (2010), where a low temperature, agticthick thermal Comptonization

is added to fit the spectra. This Comptonization may be gésfeom the transition layer between
the disk and the corona.
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Fig.8 The simulated spectra of GRS 1915+105 with different patarae(a)mgy = 18, a. =
0.998, i = 0.25 anda = 0.14; (b) mgy = 10, a. = 0.998, 7 = 0.4 anda = 0.16. The plot
style is the same as in Fig. 5. The observational data are fate Middleton & Done (2010). The
source distance is set at 11 kpc (McClintock et al. 2006) anddination ofi = 66° (Fender et al.
1999) is used.

Inspecting Table 1 and Figures-9, we find that the QPOs and the corresponding X-ray spectra
of BH systems with different scales can be fitted with the nedigrreconnection of the large-scale
magnetic fields based on the disk-corona model. QPOs in weaBsis have features similar to
those of BHBs, e.g. a very centralized distribution of theceic currents or a large value of and
its inverse proportionality to BH mass. They are eithertseldo the SPL state, like XTE J1859+226
and XTE J1656-500, or related to the TD state, like GRS 1915+105. Thesdairmiaracteristics
probably hint that QPOs in BH systems with different scales/rhave the same origin and are
associated with the same spectral state.

4 DISCUSSION

In this paper, a toy model for the QPOs in BH systems with diffié scales is proposed based on the
magnetic reconnection of large-scale magnetic fields geeeby toroidal electric currents in the
disk. The dynamical equations of the accretion disk arelveddased on the interaction between
electric currents with the disk-corona system using amiies algorithm. The 190 Hz and 250 Hz
single HFQPOs in BHBs XTE J1859+226 and XTE J16500 associated with the SPL states are
well fitted based on the disk-corona model with electric ents flowing in the inner disk. Similar
QPOs observed in ULX NGC 5408 X-1 and Seyfert 1 AGN RE J1036+a8ad the corresponding
X-ray spectra, are also fitted. The spectrum of NGC 5408 Xittesd with a strong power-law
component and a steep power-law index, suggesting thaPi@ iQ similar to the HFQPOs in BHBs
XTE J1859+226 and XTE J165®00, all of which are probably associated with the same salect
state — SPL state. The QPO in RE J1034+396 is analogous tortHe PO in GRS 1915+105,
which is associated with the TD state.

Similarities between QPOs in BH systems with differentes@&nable us to estimate some of the
physical quantities of massive BHs which have not been weiktrained at present. As suggested
by MRO6, the frequencies of HFQPOs in BHBs showing 3:2 freqyepairs are inversely propor-
tional to the BH mass. Abramowicz et al. (2007) usedth&/ scaling to calculate expected QPO
frequencies for BHs with different scales and neutron sgirsilarly, we can use this relationship to
estimate the BH mass in ULX NGC 5408 X-1. Including the thré&tB8 showing a single HFQPO,
we have the relationshipgy = 1460u5,310, between the BH mass and the QPO frequency as shown
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Fig.9 The simulated spectra of RE J1034+396 with different patarse(a)mgy = 7 x 10°,

a. = 0.99, 77 = 0.15 anda = 0.3; (b) mey = 7 x 10%, a. = 0.998, 7 = 0.14 anda = 0.3; (c)
mpy = 2 X 10°%, a. = 0.998, i = 0.13 anda. = 0.3. The plot style is the same as in Fig. 5. The
observational data are taken from Middleton et al. (2008 Jource distance is set at 125.9 Mpc
(2=0.042,Hy=100 km s* Mpc™ ') and an inclination = 40° is assumed. We only consider the
minimum galactic absorption fixed &t31 x 10%° cm~2 (Middleton et al. 2009).
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Fig.10 Relationship between BH mass and QPO frequency. The nesdtip is fitted withmpgy =
146011650 shown by the skewed line. The short horizontal lines remtetbe ranges of BH mass for
the sources. NGC 5408 X-1 is shown on the skewed lihack dot) corresponding to the 0.02 Hz
QPO (ashed line).
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in Figure 10. The BH mass of NGC 5408 X-1 is then estimated tabdmut7.3 x 10* Mg, with a
0.02 Hz QPO as shown by the black dot in Figure 10.

The quasi-periodic signals similar to QPOs were also discyin the X-ray flux of Sgr A*.

If these signals are indeed QPOs and are triggered by theetiagaconnection described in this
paper, then the lower limit of the BH spin can be constraineckiose the outer footpoints of the
magnetic field lines cannot extend to an infinite distancee®tnate the lower limit of the BH spin

of Sgr A* to be 0.448 by fitting the 22.2 minutes of signal digeed in the X-ray flare on 2004
August 31 (Bélanger et al. 2006) using the masgsx 10°M, (Genzel et al. 2010), which is very
close to the value aof, ~ 0.44 4+ 0.08 estimated by Kato et al. (2010) using the QPO method in the
context of disk-seismology.

We have noticed that the upper and lower kHz QPOs of accritiray binaries are interpreted
as Alfvén wave oscillations with different densities irethccreted material at a preferred radius
near the star's surface, and this model successfully exgpthie empirical relationship between the
upper and lower kHz QPO frequencies and the linear reldiiprizetween the high and low QPO
frequencies of BHs, neutron stars and white dwarfs (Zharigi2Bhang et al. 2007). The idea of
interpreting QPOs with magnetic reconnection proposedhis paper may also apply to neutron
stars and other astrophysical objects. For example, QPObeaterpreted as the reconnection of
the magnetic field on the surface of a neutron star, then thdeh®yolves to the beat frequency
model (e.g., Miller et al. 1998), providing a physical megisan for producing QPOs.

Magnetic reconnection is being increasingly recognizegaisnportant process in high energy
objects, such as stellar X-ray flares, accretion disk carpomad magnetar flares. In this paper, we
apply it to interpret the QPOs in BH systems with differergles based on a possible origin of the
large-scale magnetic field in the BH accretion disk. The netigriields generated in the inner disk
by the electric currents are 10° and~ 103 Gauss for BHBs and AGNs respectively. Although the
strength of these fields is much less than that of the tangtedl-scale magnetic fields in the disk,
the magnetic reconnection of large-scale magnetic fieldsildhhave some effect on the heating
of the corona, and these should be considered in future varkhermore, the influence of the
magnetic reconnection on X-ray spectra is another opertiques
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