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Abstract A disk-corona model for fitting the low/hard (LH) state of thssociated
steady jet in black hole X-ray binaries (BHXBS) is proposeddd on the large-scale
magnetic field configuration that arises from the coexigafthe Blandford-Znajek
(BZ) and Blandford-Payne (BP) processes, where the maginetl configuration for
the BP process is determined by the requirement of energyecsion from Poynting
energy flux into kinetic energy flux in the jet. It is found tlzatrona current is crucial
to guarantee the consistency of the jet launching from tlestion disk. The relative
importance of the BZ and BP processes in powering jets fraunkbhole accretion
disks is discussed, and the LH state of several BHXBs is fiitextd on our model. In
addition, we suggest that magnetic field configuration caregarded as the second
parameter for governing the state transition of BHXBs.
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1 INTRODUCTION

Spectral states observed in black hole X-ray binaries (BslXiBvolve a number of unresolved
issues in astrophysics and display complex variations migtio their luminosities and energy spec-
tra, but also in the presence/absence of jets and quasidienscillations (QPOs). Not long ago,
McClintock & Remillard (2006, hereafter MR06) used four gaueters to define X-ray states based
on the very extensive RXTE data archive for BHXBs, in whictethstates, i.e., thermal dominant
state, low/hard (LH) state and steep power law state, aledad. Although a consensus on classifi-
cation of spectral states of BHXBs has not been reachedwiitisly accepted that these states can
be reduced to only two basic states, i.e., a hard state arftl@ngg and jets can be observed in hard
states, but cannot be in soft states.

The accretion flow in LH state is usually supposed to be a #atatcthin disk with an inner
advection-dominated accretion flow (ADAF) in the prevajlincenario (Esin et al. 1997, 1998;
MRO6; Done et al. 2007). Generally speaking, the thermalmmmant of the spectra of BHXBs can
be well fitted by a truncated thin accretion disk, while thevpolaw component can be interpreted
by an ADAF. Although the X-ray, EUV and UV spectra of XTE J1#480 can be satisfactorily
explained by a truncated thin disk plus an ADAF (Esin et aD20Qthe IR fluxes are significantly
underestimated and the radio emission cannot be intechiatan et al. (2005) fitted the spectrum of
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XTE J1118+480, and proposed a coupled accretion-jet modetdrpret the observations, in which
the jet dominates the radio and infrared emission, the tlskh dominates the UV emission, and
the hot flow produces most of the X-ray emission. This modetsssfully fits the multiwavelength
spectrum of the source, and further testing of this modebeageen in Zhang et al. (2010).

An ADAF plus a truncated thin disk has become the major modetlun interpreting spectra
of BHXBs in LH state; however, recent observations show soamradiction with it. For example,
XMM-Netwon observations of GX 339-4 show that a broad iron line togethtra dim, hot thermal
component was present in its spectra during the hard sthigeffect seems to be observed in a few
other sources such as Cygnus X-1 and SWIFT J1753.5-012[(Mtlal. 2006a,b). Recently, Reis
et al. (2009) studied th€handra observation of XTE J1118+480 in the canonical LH state, and
a thermal disk emission with a temperature of approximaledl keV was found at greater than
the 140 confidence level. They concluded that this thermal emissiost likely originated from an
accretion disk extending close to the innermost stableilgrorbit (ISCO). The results of fits made
to both components (thermal component and broad iron limehgly suggest that a standard thin
disk remains at or near the ISCO, at least in bright phasdsedfi state.

In order to interpret the thermal component and broad inom ilh the luminous LH state, some
authors suggested that the accretion geometry could beilied@s a cool inner disk and an even
cooler outer disk, separated by a gap filled with an ADAF (Ma&/®ringle 2007; Liu et al. 2007).

Recently, Reis et al. (2010) presented an X-ray study oftdilgitk holes (BHs) in the LH state,
and they found that a thermal disk continuum with a color terafure consistent with o« 7 was
clearly detected in all eight sources and the detailed fitlsedine profiles excluded a truncated disk
in each case.

Besides the dominant power-law component, another feafuttee LH state of BHXBs is its
association with quasi-steady jets. Although the ADAF maslesuccessful in fitting the spectra
of the LH state of some BHXBSs, the details of how associatésl gee produced have not been
addressed.

Different mechanisms have been proposed to interprettipegduction in BH systems of differ-
ent scales, such as the plasma gun (Contopoulos 1995),sheabattery (Contopoulos & Kazanas
1998) and the magnetic tower (Lynden-Bell 1996). The mostnising mechanisms for power-
ing jets are Blandford-Znajek (BZ) and Blandford-Payne)BRcesses, which rely on a poloidal,
large-scale magnetic field anchored on an accretion disknara spinning BH (Blandford & Znajek
1977; Blandford & Payne 1982, hereafter BP82; Livio 2002¢el@man et al. 2012; for a review see
Spruit 2010).

In this paper, we intend to model the LH state of BHXBs basea atisk-corona model, in
which the inner edge of the accretion disk is assumed to dxiehSCO, and the jets are driven
by the large-scale open magnetic field that arises from tegistence of the BZ and BP processes.
This paper is organized as follows. In Section 2, based oretieegy conversion from Poynting
energy flux into the kinetic energy flux in the jet, we arguet th@me current within the corona
is required to flow across the magnetic surfaces, which armadd due to the rotation of the open
field lines anchored at the accretion disk. Henceforth, tireent is referred to as corona current.
In Section 3, we propose a configuration for the magnetic fiedd arises from the coexistence
of the BZ and BP processes based on the energy conversioe ijetthand discuss the relative
importance of these two mechanisms in driving jets from Bldtems. In Section 4, the spectral
profiles of the LH state of four BHXBs are fitted based on our edpdnd the relation between jet
power and X-ray luminosity is checked by adjusting accretate and the outer boundary of the BP
magnetic field configuration. Finally, in Section 5, we distgome issues related to our model. We
propose a scenario of state transitions from the LH statbeovéry high (VH) state, and suggest
that the magnetic field configuration could be regarded as¢bend parameter in state transitions
experienced by BHXBs.

Throughout this paper, the geometric urdits= ¢ = 1 are used.
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2 CONVERSION OF ENERGY IN JETS AND CORONA CURRENT

Both matter outflow and Poynting flux are produced via thedasgale magnetic field anchored on
the disk around a rotating BH. What is the relation betweenttvo kinds of fluxes? As shown in
Figure 1, Poynting fluxSL, = E x B¢ is produced by the magnetic field lines dragged by the
rotating disk, whereE"™ is the poloidal induced electric field, ad@¥ is the toroidal magnetic field.
Obviously, bothE" and B¢ arise from disk rotation, and they are expressed as follows,

E° = —v" x B”, (1)
St = EY x B, 2)
whereSY is the poloidal Poynting flux along the field line.

According to BP82, the conservation of energy and angulanemum along each field line can
be written as follows,

€ = C€matter T €Poynting = const, (3)

l = lmatter + lPoynting = const. (4)

The quantitie®y,.cer aNdepoynting are specific energies of matter and the electromagnetic (EM)
field, respectively, and they read as (BP82)

€matter — U2/2 +h+ (I)a
€Poynting = _WTBW/]{ )

(5)

wherer is the cylindrical radius of the field line, andis the angular velocity of the field line, which
is equal to the angular velocity of the di€ = W at the radius of the footpoint; = M 2.
The quantitiedatter aNdipoynting are respectively specific angular momenta of matter and e E
field, and they read as

lmattcr = ’I”U‘p,
{ lPoynting - _TBLP/ka (6)

where the quantitie’s, ® and—wr B¥ /k in Equation (5) are specific enthalpy, gravitational patnt
and the work done on the streaming gas by the magnetic taregjgectively. The quantityr B /k

Fig. 1 Poynting flux is driven by a rotating disk around a BH via magnrque exerted on the
disk current. The green arrow represents the direction @fnigc torque, and the red solid and the
blue dashed arrows represent disk current and magnetidifiek] respectively.
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in Equation (6) represents the impulse of the magnetic ®rgond the parametéris related to the
ratio of the mass flux to the magnetic flux for each magnetid fiak as follows,

k/4m = pv¥/BY. (7)

The meanings ofpoynting aNdIpoynting CaN be clarified more clearly as follows. The poloidal
flux of EM angular momentum can be written$S = —r B¢ BY /41 = —rB¥ pv® /k (MacDonald
& Thorne 1982), thus we have

SP
pTLP - _TBLP/k = lPoyntingv
SE

PP - _er‘P/k = €Poynting -

(8)

We conclude thatpoynting aNdipoynting are respectively EM specific energy and angular mo-
mentum corresponding to mass flux. Based on Amperes law we hav

?{B~dl:2wB“":4wZI. (9)

As shown in Equation (8% poynting IS proportional torB¥. Considering thatpoynting IS CON-
tinuously converted to kinetic energy in the jet (BP82; 1096, 2010), we infer that the absolute
values of bothrB# and)_ I in Equation (9) must continuously decrease along the jegrah’ I
is the algebraic sum of current flowing inside the magnetitase formed due to the rotation of the
field line.

In the standard model for the jet launched by magneto-degti acceleration, there are three
distinct regions as shown in Figure 2 (Bisnovatyi-Kogan &Riaikin 1976, BP82; Spruit 1996,
2010).

In the atmosphere of the disk up to the Alfvén surface, thgmetc field dominates over gas
pressure and kinetic energy of the outflow, and the outfloveggpces a centrifugal force accelerat-
ing along the field lines in this region which is force free. tha other hand, the corona is a perfect
launching site for outflow from the accretion disk (MerloniBabian 2002), and the disk-corona
model provides a possible scenario for interpreting the tatesassociated with a quasi-steady jet

B, B,
» s 4 Alfvén surface
\\ | ll
S i ! not force free
\ ! ! — B2
\\ } l’ —~ pL)2 >—
i 8
I
I
I
I
|
! \
‘ not force free
2
on d Bep
A spinning accretion dis 87
Black hole

Fig.2 Three regions in a magnetically accelerated flow from anedicor disk. The corona is as-

sumed to exist between the disk surface and the Alfvéen sriifadicated by the thick dashed line.
Bu (thin dashed lines) and By (thin solid lines) represent the poloidal magnetic field on the BH
horizon and disk, respectively.
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Fig. 3 A schematic drawing of corona current flowing across the raigisurface, where disk and
corona currents are represented respectively by red satiblie dashed arrows. The symbals
and® represent the outward and inward toroidal magnetic fieleslimespectively.

from BHXBs. From the above discussion, we infer that coramaent must flow across the magnetic
surfaces as shown in Figure 3, and it can be expressed froatigqy9) as follows,

Leor(r) =7B%/2, (10)

wherel..,(r) is the corona current threading the magnetic surface altwveytindrical radius-.
Inspecting Figure 3, we find that corona current is essefiati@hterpreting energy conversion in the
jet.

There are two puzzles related to corona current. The firstsowbether the corona current can
flow across the magnetic surface in the region with centafagceleration, wherB? /87 > pv? is
required as shown in Figure 2. In fact, the condition for céumgal acceleration does not imply no
current is flowing across the magnetic surface. Inspectiggres 1 and 3, we find that the corona
currentis required by the continuity of the current flowinghe disk, and it is driven by the induced
electric fieldE™ or the electric potential difference between the two adjaoeagnetic surfaces.

The second puzzle is that the quantityr B¢ /k appears to have two different meanings, i.e.,
(i) the work done on the streaming gas by the magnetic torB882), and (ii) EM specific energy
epoynting @long a field line given by Equation (8). How can we understiwedprocess where the
work done by the magnetic torque continuously decreaséasgltive energy conversion in the jet?
This puzzle can be easily resolved by invoking corona ctiriidre work done by the magnetic torque
consists of two parts, one is on the disk current, and therathe is on the corona current. From
Figure 3 we find that the two works done by the magnetic torcaue lopposite signs, because the
direction of the disk current is opposite to that of the caroarrent. The total work by the magnetic
torque is the integral of the differential work from the naliplane atz = 0 to the Alfvén surface.
So the work is zero at = 0 for B¥ = 0, and it attains its maximum at the disk surface, and then
it decreases along the jet due to the negative work on thenaarorrent. It is the work done on the
corona current by the magnetic torque that gives rise to timeersion of EM energy into kinetic
energy in the jet.

Thus we conclude that the corona current is not only requisethe continuity of the disk
current but is also essential for understanding energyeamsion in the jet. In addition, we can
estimate the efficiency of the conversion from EM energy kiteetic energy in the jet in terms of
rB¥. The conversion efficiency can be defined as the ratig,Qf:.. A t0 e, which are the specific



1168 J. Z. Wang et al.

energy of matter at the Alfvén surface and the total speeifiergy along a field line, respectively.
Thus we have conversion efficiency that can be expressed as

e = ematter,A/e = (6 - ematter,A)/e
~ 1- emattcr,A/emattcr,d =1- (TB(p)A/(TBLp)dv (11)

whereempatter,a @Ndematter,a are the EM specific energy at the disk surface and Alfvéraserf
respectively. In deriving the above equatiefatter,a = € is assumed, since EM specific energy is
dominant at the disk surface.

Thus, we infer that the conversion efficiency depends on #riation ofr B¥ along the field
line. For example, we have about3 of the EM energy converted into kinetic energy in the jet for
the ratio(rB%®)s /(rB¥)q = 2/3.

3 MAGNETIC FIELD CONFIGURATION BASED ON ENERGY CONVERSION

We can constrain the magnetic field configuration in the aimerelisk based on the energy conver-
sion in the jet. The power of the magnetic torque on the ratigk current between the two adjacent
magnetic surfaces is

de = BdeIdede ) (12)

where the subscript ‘d’ indicates the quantities at the digface. On the other hand, the work done
on the streaming gas per unit mass at the cylindrical radisis

Wiine(r) = —wrB® [k = 2wlco (1) /K . (13)
Combining Equation (10) with (13), and considering= 24, we have
de - Wlinc (Td)]\chtdrd - (2WIcor(Td)/k)]\.4jctdrd 5 (14)

WhereMjct is the mass outflow rate in a jet of unit width, which is expesss Equation (17).

Considering the continuity of the corona current and diskent, we hav€..,(rq) = Ia(rq).
Uniting Equations (12) and (14), we have the relation betweass loss rate af and the poloidal
magnetic fieldBY as follows,

Mjct("’d) = Bg’l’dk/2. (15)

Following Blandford & Begelman (1999), we have accreticee fel varying with the disk radius
as follows, ' '
M = Miy(ra/rin)°, 0<s<1, (16)

whe.reMi,[1 is the accretion rate at the inner edge of the disk, whichasad to Eddington luminosity
by M, = i, Lraa/(0.1¢?). Henceforth, the subscript ‘in” indicates the quantitietha inner edge
of the accretion disk. The mass outflow rate in the jet is glwen

Mct("’d) = dM/dT’d = Min(s/’l’in)(’l’d/ﬁn)s_l . (17)

Combining Equations (15) and (17), we have the relation betwpoloidal magnetic field at the
disk surface and/;, as follows,

BY(rq) = Min(2s/kr2)(ra/rin)* 2. (18)

The poloidal magnetic field far from the disk surface is asstito be roughly self-similar, and
is given as (BP82, Lubow et al. 1994),

BP(Tdv §) = Bg (Td)gia ) (19)
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wheres = (r/rq) is the cylindrical radius of the field line. Considering Etjaas (18) and (19), we
have the 3-D axisymmetric magnetic field distribution ondkeretion disk as follows,

BY(ra,s) = Bin(ra/rin)* %7, (20)

whereB;, is the poloidal magnetic field at the inner edge of the disk.

The strength of the magnetic field on the BH horizon can bergted based on the balance
between the magnetic pressure on the horizon and the rarsupeesf the innermost parts of an
accretion as follows (Moderski et al. 1997),

BZ/(87) = Pram ~ pc? ~ M/ (477%) . (21)
Equation (21) can be rewritten as
My = aw By = am(1+q)* B M2, (22)

wherery = M (1 + ¢) is the radius of the BH horizon, and= /1 — a2 is a function of BH spin,
and the parameter,, is adjustable due to the uncertainty in Equation (22).

The optimal BZ power is given by Equation (23) as a functiorBéf spin (Lee et al. 2000;
Wang et al. 2002), and the BP power is given by Equation (24)naistegral over the region with
a large-scale open magnetic field from the inner edge to tier moundary (Cao 2002, hereafter
C02).

{ Pgz = B3ZM?Q(arctan Q — a../2)

Q=0-9/1+Q ’ (23)

Tout . . Eout
Por = [y = DNbadra = Vs [ (3 - e, (24)
Tin 1
whereé,u. = rout/min 1S the radius of the outer boundary of the large scale opemetagfield in
terms ofr;,. The parametey; = (1 — v3)~ /2 is the Lorentz factor of the outflow at the Alfvén
surface, and it is related to the parameters s, a. anda by

£S_2X?n §X12n “ —« 2 (¥+1) 2
ams(1+¢2 \&3 +a.) (o = Herh, (3)

wherey;y, is defined agi, = /7in/M. The derivation of Equation (25) is given in the Appendix.

The relative importance of the BZ and BP processes can braasti by combining Equations
(23), (24) and (22) based on the magnetic field configuratieengn Figure 1, and the ratio of the
BZ to BP powers is

Q (arctan Q — a./2)
am(1+¢)%s [ (35 — 1)ge—1dg

Four parametersy,,, a., s anda) are involved in Equation (26), and,; = 1000M is fixed in
the calculations. By using Equation (26) we have the costofithe ratio ofPgy to Pgp in @ — s
parameter space with different valuesgf anda. as shown in Figure 4.

Inspecting Figure 4, we find that the ratioB§, to Pgp is less than or around unity for< s <
0.12, and2 < «a < 5 with oy, = 0.1, 1. It implies that the BZ power is not dominant over the BP
power for the large outer boundary of the open magnetic fialthe disk,r.., = 1000M, except
for the case of extreme BH spin — 0.998 with o ~ 5, and this result is in accordance with those
obtained by other authors (e.g., Ghosh & Abramowicz 199%iplét al. 1999; Meier 1999).

Pgy/Pgp =

(26)
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Fig. 4 The contours of the ratio dPsz to Pep in « — s parameter space with different valuesaf
anda..

4 FITTING THE LH STATE OF FOUR BHXBS

In this section we intend to fit the LH state associated withsiisteady jets of four BHXBs, XTE
J1550564, GRO J165540, GRS 1915+105 and 4U 154347. Thevietr poregarded as the sum of
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the BZ and BP powers, i.e.,
Piet = Pgz + Ppp . (27)

In addition, we discuss the constraints of the relation ketwjet power and X-ray luminosity
on the variation ofn;, andr,,; in the state transition of BHXBs.

4.1 Effect of Launching a Jet from the Accretion Disk on Energy and Angular Momentum

The fitting of the LH state is given based on the conservatf@mergy and angular momentum by
considering the launching of a jet from the accretion digkldwing C02, the kinetic flux of the jet
can be written as

Fiet = mjet(7 — 1) - (28)

Considering that Poynting flux is much larger than kinetix fliear the disk surface, we can
relateFie; at the Alfvén surface to the Poynting flux at the disk surfaséollows,

S]l—; = 3F_‘]‘et ) (29)

where the factor ‘3’ in Equation (29) implies that one thirdtiee energy in the Poynting flux is
assumed to be converted into kinetic energy of the jet.

As is well known, the angular momentum fl${ extracted electromagnetically from the disk
surface is related to the Poynting energy flux as follows,

Sf = SE/Qa. (30)
Combining Equations (28)—(30), we have
St = 3rijer(y5 — 1)/, (31)

wheremje;, = Mjet /47rq is the mass loss rate per unit area at the footpoint of the jet.

The integrated shear stress of the disk should be affectdtetdyansport of angular momentum
and energy in the jet, resulting in a decrease in the dissipaf the disk and radiation from it. When
the jet occurs, the conservation equations of energy andlangomentum can be written as

d - .
d_Td(MdET — Tvichd) = 47T7’d[(mjct =+ F’Yad)E’Jf =+ SEQd], (32)

d . ,
- (MaL" — Tyise) = 4nra[(mjes + Fraa) LT + ST, (33)

whereT,;sc andF}.,q are respectively the internal viscous torque and the erfergyadiated away
from the surface of the disky" and LT are respectively specific energy and angular momentum of
the disk matter, which is expressed by (Novikov & Thorne 1973

E' = (1-2x"%+a.x?)/(1=3x" %+ 2a.x%)"?, (34)
Lt = Myx(1—2a.x"%+alx™*)/(1 = 3x% + 2a.x*)"/?, (35)

wherey = \/rq/M = £¢'/?x1,, and the quantitie® and L' are related by

dE" Jdrq = QqdL" /drg . (36)
Combining Equations (32), (33) and (36), we have the raatidtux from the disk as follows,
. de/de + -2 /Td + . darLt
Fraa(ra) = —=2 28 (E" = 0aL1) x ( (B - gy

+ (B = QainLi )T — / (BT - QdLT)4m5LPdrd), (37)

Tin
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Fig.5 The contour offy.q(rq) = 0 for different values ofi. andam, in s — oo parameter space, in
which Fy.q(rq) becomes negative in the forbidden region.

WhereEiTn, Lfn, Qqin and T}, in Equation (37) are respectively specific energy, speciiiguéar

momentum, angular velocity and torque at the inner edgeetieretion disk.

Inspecting Equation (37), we find that the jet launched frbmdccretion disk does result in a
negative contribution to the disk radiation, which is resareted by the term related to the angular
momentum fluxSY. Thus, we think that the lunching of a jet from the accretigskds indeed
essential for interpreting the association of the LH stath the quasi-steady jet in BHXBSs.

Furthermore, we obtain a rather tight constraint on therpatarss, «, ay, andr;,, which are
involved in our model based on the following arguments.

(i) The contour off}.,q4(ra) = 0 can be plotted i — s parameter space by using Equation (37) as
shown in Figure 5, in whicl,.q(rq) becomes negative in the forbidden region.

(i) The Lorentz factor in the BP process;, can be calculated in our model (see Eq. (25) and
Appendix for details), and the curves gf varying with disk radius for different values of,
am ands are shown in Figure 6. On the other hand, the Lorentz fdctar the LH state should
be no greater than 2 (Fender et al. 2004, hereafter FBGO#Axsidering that the jet is driven by
the BZ and BP processes in our model, and the Lorentz factihied8Z jet is generally greater
than that of the BP jet, we havg < I'; < 2. From Figure 6 we conclude that the parameter
should be no lessthan 5, i.e..> 5.

Inspecting Figure 5, we have the constraint of positive digkation on the parametexs, o,
ands, i.e., 4.5 < a < 7, ay, = 1 and a smalk, such ass ~ 0.01 ~ 0.02.

Inspecting Figure 6, we have the constraint of the Lorernttofaon the parameters, oy, and
s,i.e.,a>5,a, =1and0.01 < s < 0.1.

Combining the above results, we can select the values oé thasameters in the set,| =
1,aa =5,5 =0.02) or (amy = 1, = 5, s = 0.01) in fitting the LH states with a steady jet from the
four BHXBs as shown in Table 1.
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Table 1 Input and Fitting Parameters of the LH State of Four BHXBs

BHXBs Input parameters Fitting parameters

ax M (Mz) D (kpc) i(°) Min, «  Oom s
XTE J1550-564 0.34 9.10 438 747 0032 5 10 0.01
GRO J1655-40 0.7 6.30 32 702 003 5 10 0.02
GRS 1915+105  0.975 14.0 11.0 66.0 0200 5 1.0 0.02
4U 1543-475 0.8 9.4 75 207 0005 5 10 0.02

4.2 Fitting Spectral Profiles of the LH State of BHXBs

The spectra of the LH state are fitted based on the disk-carmuel given by Gan et al. (2009,
hereafter GWL09). This model is different from GWLQ9 in taraspects. (i) The magnetic field
configuration consists of large-scale open field lines thirepthe BH horizon and accretion disk as
shown in Figure 2, while that in GWLO09 consists of large-sabsed field lines connecting the BH
horizon and the inner disk. (i) The BZ and BP mechanisms rarekied respectively to drive jets
from a spinning BH and its surrounding accretion disk, arefgyis extracted respectively from the
BH and the inner disk, and channeled away. However, in GWiM@have no open magnetic field
for launching a jet, and energy is transferred from the Blg thie inner disk. (iii) As in GWL09,
inverse Compton scattering is taken as the radiation pspegsl a Monte Carlo method is used in
fitting the spectra of the LH state. However, the code usedWi@9 is modified in this case by
considering energy transfer into the jet as shown in Eqog3d), and the outer boundary of the
corona is fixed at0M/ rather than at the outer boundary of the closed field linesWiG9.
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Fig. 7 The spectral profiles of the LH state of four BHXBs are plotsdzigzag lines, which are a
superposition of thermal and power law components in saldtldashed lines, respectively.

The fitting is carried out based on the features of the four BelXaken from Narayan &
McClintock (2012, hereafter NM12) as input parameters asvehin Table 1, and the spectral pro-
files of the LH state are shown in Figure 7.

It is noticed that the spectral profiles of the LH states offthe BHXBs given in Figure 7 are
in good agreement with the observed data given in figure 4. MRD6.

4.3 A Constraint on the Magnetic Field Configuration Based orthe Relation between Jet
Power and X-ray Luminosity

The relation between jet power and X-ray luminosity (heteralRIPXL) in BHXBs was first pro-
posed by Fender et al. (2003), and it reads

LJ = Asteadng{5 ) (38)

where the coefficientiseaay Varies betwees x 10~2 and0.3 (FBG04; Malzac et al. 2004).

As is well known, the evolution of the LH state in one outbuwsBHXBs can be depicted in
the X-ray hardness-intensity diagram (HID) as given by FBG&nd RIJPLX implies that the jet
power correlates with the X-ray luminosity in a non-lineaywSince this relation is deduced from
observations, we can regard it as a constraint on the madiedti configuration of our model.
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Table 2 Describing the Relation between Jet Power and X-ray Lunityngsthe LH State

BHXBs Parameters
GRO J1655-40 Min 0.035 0.04 0.045 0.05 0.055
Tout 1000 10.22 7.49 6.36 5.67
Lx 0.01359 0.01604 0.01884 0.02176 0.02468
Ly 0.02238 0.02431 0.02636 0.02833 0.03016
Pgy/Psp 0.97 1.07 1.16 1.25 1.34
4U 1543-475 Min 0.005 0.0055 0.006 0.0065 0.007
Tout 1000 11.31 8.00 6.63 5.82
Lx 0.004908 0.005622 0.006423 0.007239 0.008094
Ly 0.004187 0.004481 0.004786 0.005087 0.005378
Pgy/Psp 1.46 1.57 1.66 1.74 1.83

In our model,L; is regarded ag’., given by Equation (27), and the values of the related
parameters are listed in Table 2, in which the leftmost \&lofeLx are calculated based on the
spectral profiles of the LH state given in Figure 7.

In Table 2, the radius,,; represents the outer boundary of the BP magnetic field camafigun,
and the luminosities and accretion rates are defined in tefilBddington luminosity and Eddington
accretion rate, respectively. As shown in Table 2, the diy, of the outer boundary of the BP
magnetic field configuration decreases monotonically withhéasing accretion raig;,, jet power
Ly and X-ray luminosityLx. This result implies that the magnetic field configuratiomldobe
related to the state transitions of BHXBs, and this issueheildiscussed in the next section.

5 DISCUSSION

In this paper, we propose a corona-disk model for fitting thlestate associated with a steady jet in
BHXBs based on the magnetic field configuration that arism® the coexistence of the BZ and BP
processes. Some issues related to our model are discugbésisaction.

5.1 Transition from LH to VH States in BHXBs

Up to now a consensus on the classification of spectral stéitBsIXBs has not been reached. It
is widely accepted that the spectral states of BHXBs can theced to two basic states, i.e., a hard
state and a soft state (MR06). As shown in HID, X-ray lumitosalways increases after an outburst
starts and attains its maximum in the intermediate stategtine transition from hard to soft states.
However, the properties of the intermediate state remaifean and different definitions have been
presented, e.g., Steep Power Law (SPL) state by MRO6, arydhigih (VH) state by Esin et al.
(1997). Belloni (2006) further classified the intermedistite as hard intermediate (HIM) and soft
intermediate (SIM) states. In this paper, we take the in¢eliate state as the VH state given in
NM12, which is associated with the episodic, relativistit j

As is well known, state transitions in BHXBs display a vayiet variations not only in luminosi-
ties but also in some spectral characteristics such as éss@mnd spectral index. The complexity is
particularly attractive in the transition from hard to sstfites, with which different remarkable phe-
nomena are associated. A visualized description for the fieaitures of state transitions of BHXBs
is given in HID, where the typical spectral evolution traeésng a g-shaped pattern and forms a
counterclockwise cycle (Belloni 2004; Belloni et al. 20Fender & Belloni 2012; FBGO04; Fender
et al. 2009; Homan & Belloni 2005). Based on HID, the outlaicdtBHXBs are generally triggered
by a sudden increase of accretion rate from quiescence tdfstate, and the spectra are normally
hard with photon index- 1.7 being associated with steady jets in LH states, and the jgeps
correlated with the X-ray luminosity as; o L%5. After reaching the peak luminosity, the spectra
begin to soften and the jets transit from steady into epgsaddicating the transition from the LH
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state to the VH state. After crossing the jet line in HID, thid $tate transits to the HS state, calming
down with soft spectra without jets. The latest researchvshbat the HS state is associated with a
strong disk wind. Finally, a BHXB returns to its quiescemttstwith a hard spectrum accompanied
by the reappearance of jets (Fender & Belloni 2012; Zhan@R01

The variation of the X-ray luminosity and spectra is natlyradterpreted by the corresponding
variation of accretion rate and accretion geometry (Esial.€1997; Done 2002, 2010; Done et al.
2007). A series of works on the formation and evolution ofdbena give a physical explanation of
the spectral state transitions (Liu et al. 2005; Meyer-HaiBter et al. 2005, 2009, see Zhang 2013
for a review).

However, accretion rate is not the only parameter that gm/hie state transition of BHXBs, and
some phenomena involved cannot be interpreted by only ¢éhgagcretion rate. For example, state
transition from hard to soft occurs at luminosity highemnthlat in a later reverse transition during
one outburst, and this hysteresis cannot be interpreteldebyariation of accretion rate (Miyamoto
et al. 1995; FBGO04; Belloni 2010).

It was suggested by Spruit & Uzdensky (2005) that the sizé®tentral magnetic flux bundle
can be identified with the second parameter for determinimgy$spectral states of BHXBs and the
presence of relativistic outflows. Very recently, King et(@012) pointed out that the magnetic field
might be primarily toroidal in the soft state, but primanidgloidal in the hard state. In fact, both the
accumulation of the magnetic flux in the inner disk and thengleabetween toroidal and poloidal
magnetic fields can be regarded as evolution of the magnelicdonfiguration. Thus, we suggest
that the magnetic field configuration on the accretion diskatbe regarded as the second parameter
for governing the state transition of BHXBs.

This viewpoint is strengthened by the constraint of RIPXLtlw# outer boundary of the BP
magnetic field configuration as shown in Table 2. The coinmiadf magnetic field configurations
with the transition from LH to VH states is illustrated frotmet bottom-right to top-left panels in

" 8 VHS

Alfvén surface

N\

corona |

-—

corona

accretion disk accretion disk

Black hole

corona

| LHS

Fig.8 A schematic drawing of magnetic field configurations in tiamis from the LH state to the
VH state in BHXBs.
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Figure 8, in which the outer boundary of the BP magnetic fieldfiguration decreases monotoni-
cally with the increasing accretion rate;,,, L; and Lx for the validity of RJPXL in LH states of
BHXBs given by Equation (38), and the VH state appears aam@elscale poloidal magnetic fields
are carried onto the BH as shown by the top-left panel in E@ur

The scenario of evolution of magnetic field configurationl&aelpful for understanding the
correlation of jet power with BH spin, which has been addeddsy a number of authors (Meier
1999; McKinney & Gammie 2004; Hirose et al. 2004; De Villieasal. 2005; Hawley & Krolik
2006; Li et al. 2008; Wu et al. 2011).

Recently, Fender et al. (2010, hereafter FGR10) pointedtaitthere is no evidence for any
correlation between the jet power and the BH spin based oreff@ted measurements of BH spin
and jet power for BHXBs. On the contrary, it was shown in NMhattthe 5-GHz radio flux of
transient ballistic jets in BHXBs correlates with the BH rsistimated via the continuum-fitting
method, and they pointed out this represents the first dinédence of jets powered by energy from
BH spin.

According to our model, the BZ power is not dominant over tiie@@wer in the LH state corre-
sponding to the magnetic field configuration with large obundary radius,,, but it gradually
becomes dominant over the BP power in the transition from &M states with decreasing;
as shown in Figure 8. It is the magnetic field concentratecherBH horizon that results in the jet
power being proportional to the square of BH spin in the VHestln addition, the transient ballistic
jetin the VH state can be interpreted by invoking the kinkaiglity related to the BZ process (Wang
et al. 2006). Therefore by invoking the variation of the &ssgale magnetic field configuration, we
can resolve the debate between FGR10 and NM12 on the isseiepoiyer and BH spin in BHXBs.

5.2 Energy Conversion in Launching a Jet and Corona Current

In our model, energy is released from two sources: (i) roteti energy from a spinning BH via
the BZ process and (ii) rotational energy from the disk viadlacretion process in the BP process.
Energy release and conversion are illustrated in Figure 9.

Energy release and conversion are outlined in Figure 9.3h@vn that two energy sources
(gravitational potential energy of accreting matter ant@étional energy of a BH) give rise to two
types of energy output from a BH system, i.e., radiation ki@dccretion process and jet power via
the BZ and BP processes are included. Obviously, both miadiedtl and rotational energy of a BH
arise from the accretion process, so the accretion prosessential for the BZ process.

Gravitational potential energy | Rotational energy of a black hole |
of accreting matter
l Accretion process BZ process

Kinetic energy of

accreting matter

Accretion process BP process

Radiation from accretion disk | | Rotational energy of accretion disk

Fig. 9 A block diagram showing energy release and conversion iraticeetion disk with the BZ
and BP processes.
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Regarding energy conversion in the jet, we introduce ther@wcurrent, which is required by

continuity of current flowing on the disk as shown in FigureS8nilarly, the corona current is also
essential for energy conversion in the BZ jet, which is reggiby continuity of current flowing on
the stretched horizon of a spinning BH (Thorne et al. 1986).

In addition, corona current could be related to the follapissues. (i) Strengthening the toroidal

magnetic field, which is essential for Poynting flux near tis& durface as shown in Figure 3; (ii) an
alternative way of enhancing corona temperature in the fifrdoule heating; (iii) an alternative way
of exchanging energy between disk and corona. We shall skstese issues in our future work.

5.3 Advantages and Disadvantages of This Model

Compared to the widely believed model (ADAF), the advansagfeur model are related to launch-
ing a jet and its application to fitting LH states in BHXBs, whiare summarized as follows.

(i)

(ii)

Required by the energy conversion from Poynting flux te kinetic energy flux in the jet from
the accretion disk, coronal current flowing across the magsarfaces is naturally introduced
in this model. The corona current is essential for continaitcurrent flowing on the accretion
disk, which is crucial for launching a steady jet via the BBga&ss.

Based on energy conversion in the jet and the work donmhbgnetic torque exerted on a disk
current and corona current, we construct a large-scale etiagield configuration on the disk
for launching a jet, and the LH state is fitted by invoking tleeration process with the coexis-
tence of the BZ and BP processes.

(iii) Based on the above magnetic field configuration, weuksahe relative importance of BZ to BP

(iv)

(i)

powers in terms of a few parameters constrained by obsenadtind theoretical considerations,
and apply this result to fit the LH state associated with adstéet.

Required by the validity of RIPXL, we find that the outerundary of the BP magnetic field
decreases monotonically with the increasing jet power ameyduminosity in LH states, and
this implies that the magnetic field configuration could bgareled as the second parameter for
governing the transition from hard to soft states in BHXBs.

On the other hand, there exist some disadvantages with tidelnwhich are given as follows.

Although the corona currentis introduced based on s@asanable consideration, we have not
presented a detailed analysis of it, such as how the coramentus distributed in the corona,
how it interacts with the disk, how it affects the radiatiarspectrum, etc.

(i) Only inverse Compton scattering is taken into accoontlie mechanism that produces radiation

in fitting the spectra of LH states in order to have a simplifieddel. As a matter of fact,
synchrotron radiation or SSC might be important in fittingkdwise, we did not consider the
contribution of the jet to the radiation.

(iif) We fail to discuss hysteresis in the state transitidrseme BHXBs, which involves a higher

luminosity in the transition from hard to soft spectral essgand a lower one at the reverse
transition from soft to hard spectral states. Although gulaxation has been given by the disk
evaporation model (e.g. Meyer-Hofmeister et al. 2005) physics behind hysteresis remains
elusive.

We hope to overcome the above disadvantages and modify ddslrim future work.
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Appendix A: DERIVATION OF EQUATION (25)

C02 gives the mass loss rate in the jet from unit surface draalisk as follows,

Vja
a+1 *
(-1

According to Equation (17) and the context, we have

(BY)?
47

Mjet, = (rafa)®
Mjct = 47TTdT'njct = Td(B§)2(Tde)a
Combining Equations (17) and (22), we have

s—2 y s—2
P T4 Min T4
BY =B, 2] = L= :
Tin ATy Tin

Incorporating Equations (A.2), (A.3) and (17), we have

1 (ra\* 0 W (-
s | — 2 (raa)® = ————,
QmTH \ Tin s v

and Equation (25) is the dimensionless form of EquationA.4
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