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Abstract We investigate the dynamical behavior of a magnetizedigdisge accretion flow around a rapid-
ly rotating black hole. We solve the magnetohydrodynamic¢igns and calculate the transonic accretion
solutions which may contain discontinuous shock transitioMe investigate the effect gf-parameter
(parametrizing the radial variation of the toroidal magnéux advection rate) on the dynamical behavior
of shocks. For a rapidly rotating black hole and for fixed atijgn parameters at the outer edge, we show
that stationary shocks are sustained in the global magretizcretion solutions for a wide range(odnd
accretion rater). To investigate the observational implications, we cdesidissipative shocks and esti-
mate the maximum accessible energy from the post-shockadiRSC) for nine stellar mass black hole
candidates. We compare this with the observed radio jetikipewer reported in the literature, whenever
available. We find close agreement between the estimatadv&lom our model and those reported in the
literature.

Key words: accretion, accretion discs — magnetohydrodynamics —:dtéask holes — shock waves —
ISM: jets and outflows

1 INTRODUCTION & Hawley (1991) that the Magneto-Rotational Instability
(MRI) may give rise to the disc viscosity, where even a
Magnetic fields have a significant effect in a variety of weak magnetic field can make the accretion flow go turbu-
astrophysical processes. Specifically in an accretion dident, leading to the outward transport of angular momen-
¢, there must be transport of angular momentum outwardgim. Recent three-dimensional (3D) magnetohydrodynam-
so that matter can fall in at the central object. In this proic (MHD) simulations assuming azimuthal magnetic fields
cess, the utility of magnetic fields in the accretion disc wadave further demonstrated the formation of a magnetical-
first discussed by Shakura & Sunyaev (1973). By considey supported accretion disc around a BH (Machida et al.
ing the magnetic field to be turbulent, the authors integrat2006; Johansen & Levin 2008). An optically thin accretion
ed its role with the viscosity in the accretion disc whichdisc supported by magnetic pressure can account for the
is well-known as thex—parameter these days. Moreover, “Bright/Hard” state in BH candidates (BHCs) which is ob-
magnetic fields play a significant role in the origin of a bi- served when the accretion disc undergoes transition from
directional jet from the inner region of the accretion dis-the Low/Hard state to the High/Soft state (Oda et al. 2010,
c around a black hole (BH). Blandford & Znajek (1977) 2012).
proposed that a relativistic jet may be powered by the ro- In the model of magnetized accretion flow around
tational energy of the BH via torque exerted by magnetBHs considered by Oda et al. (2007, 2012); Sarkar & Das
ic field lines threading the BH horizon. In an alternative (2016); Das & Sarkar (2018), the paramej@arametrizes
mechanism, Blandford & Payne (1982) suggested that the radial variation of the toroidal magnetic flux advection
spinning BH actually causes the ordered magnetic field imate @). Oda et al. (2012) demonstrated that the change in
the accretion disc to corotate with the accreting matter and results in modification ot which is responsible for the
this drives quasi-relativistic jets via the release of grav state transitions in BHCs. Wheh is relatively high and
tational potential energy. Again, it was shown by Balbus) surpasses a critical limit for the trigger of cooling in-
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stability, an advection dominated accretion flow (ADAF) lated to other forms of pseudo-potentials commonly used
(Ichimaru 1977; Narayan & Yi 1994, 1995; Abramowicz by researchers are Chakrabarti & Khanna (1992); Lgvas
et al. 1995) develops towards a magnetic pressure donf1998); Artemova et al. (1996); Semerak & Karas (1999);
inated disc. In this situation, Oda et al. (2012) proposedMukhopadhyay (2002); lvanov & Prodanov (2005); Ghosh
that the transition of the accretion disc would be bright& Mukhopadhyay (2007); Ghosh et al. (2014); Karas &
hard-to-soft. While for a lowd, when A/ surpasses the Abramowicz (2014). Very recently, Dihingia et al. (2018a),
limit, the ADAF advances towards an optically thick disc. suggested another effective pseudo-potential which exact
In this situation, Oda et al. (2012) suggested that the trarly describes the space-time geometry around a Kerr BH
sition would be dark hard-to-soft, which happens at undefor the range of spif < a, < 1. The focus of the present
0.1Lgqq (Oda et al. 2010). work is to determine the critical value gfwhich would

Another significant aspect in the study of accretionsustain standing shocks in the magnetized accretion solu-
flow around a BH is the existence of global accretion sofions around a rapidly rotating BH. Also, we demonstrate
lutions containing a shock, which have a special imporihat a wide range of sustains standing shocks in the ac-
tance. Such shocked accretion solutions occur when tHg€tion flow. Further for fixed flow parameters at the outer
supersonic accretion flow approaching a BH experience@dge, we show that for a flow with highgrthe critical ac-
the centrifugal barrier in the vicinity of the BH. Due to Cretion rate () that sustains a shock is lower. Finally,
the centrifugal repulsion, the supersonic flow may underg¥/€ €mploy the present formalism to calculate the max-
a shock transition to become subsonic and the post-shodftUm shock luminosity £, ) that corresponds to the
corona (hereafter PSC) (Aktar et al. 2015; Sarkar & Dadnaximum energy dissipated across the shock. This is done
2016; Dihingia et al. 2019) becomes hot, dense and puffefPr nine stellar mass BH sources, where the mass, accretion
up (Fukue 1987; Lu & Yuan 1998; Das et al. 2001; Gu & "ate and spin of the individual sources are taken from the
Lu 2004; Das & Choi 2009; Chattopadhyay & Chakrabartiliterature. We compar€»%, with the reported values of
2011; Sarkar & Das 2018; Dihingia et al. 2018b). Shockedet kinetic power of the sources in the literature, whenever
accretion solutions around BHs have the potential to ex@vailable, and we find close agreement between the two.
plain many intriguing features of BHCs like the origin of N the following, we first present the model assump-
outflows, jets (Das et al. 2014a,b, and references thereiffPnS and governing equations and the methodology to
and quasi-periodic oscillations (QPOS) in the hard X_raysolve them (Sect. 2). In Section 3, we present the shocked

spectra of BHCs (Molteni et al. 1996; Chakrabarti et al.9lobal accretion solutions, the properties of shock and
2004). the critical values of¢“™ and m°" for shock. Next, in

Section 4, we compute the maximum shock luminosity

In recen.t years, Sarkar & Das (2015, 201.6); S.arkal%rom our model and compare it for several stellar mass BH
et al. (2018); Sarkar & Das (2018) have extensively inves-

. S : . ources. Finally, we present the summary of the work in
tigated the implication of shocks in accretion flows around; y P y

non-rotating BHs, where the disc is threaded by toroida ection 5.

magnetic fields. Das & Sarkar (2018) extended the study \ODEL FOR THE ACCRETION FLOW

to investigate the combined effect of viscosity and torbida

magnetic fields on the dynamical structure of the globallhe structure of magnetic fields in the accretion disc is
accretion flow around rotating BHs. In these works, theconsidered to be the same as described in Oda et al. (2012).
authors assumed = 1 throughout, as a representative On the basis of the results obtained from 3D global as
case. However, in general it is expected that the variatiowell as local MHD simulations of accretion flow around
of ¢ will have a significant effect on the radial structure BHs, we consider the magnetic fields in the accretion dis-
of the disc. In particular, Oda et al. (2007) showed that to be turbulent and dominated by the toroidal compo-
the variation of¢ affects the temperature, plasmg, ac- nent (Hirose et al. 2006; Machida et al. 2006; Johansen
cretion rate and optical depth in the disc. Siqewill af- & Levin 2008). According to the results of these simula-
fect the angular momentum transport in the disc as welltions, the magnetic fields in the disc are decomposed in-
the dynamics of a shock are also likely to be governedo the mean fields, denoted B = (0, (B,), 0), and the

by the value of(. In this paper, we aim to investigate fluctuating fieldsdB = (0B,,dBy,B.). Here, ()’ ex-

the effect of¢ on the dynamical behavior of shocks in a presses the azimuthal average of any quantity. The fluc-
viscous axisymmetric magnetized accretion flow arounduating components of magnetic fields disappear on az-
a rapidly spinning BH. To mimic the space-time geom-imuthally averaging(®B) = 0). Moreover, the azimuthal
etry around a spinning BH, we use the pseudo Kerr poeomponent of the magnetic field is much more signifi-
tential introduced by Chakrabarti & Mondal (2006). The cant as compared to the radial and vertical components,
adopted pseudo potential in this work represents a rotating(B,) + 6By |>| dB, | and | 6B, | (see fig. 2 of Oda
BH with spin parametesi, < 0.8. The relevant works re- et al. (2012)). Eventually, the azimuthally averaged form

~
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of the magnetic field is obtained &B) = (B,)¢ (Oda where H, ar and W, respectively, denote the disc half-

et al. 2007). thickness, constant of proportionality and the vertically
integrated pressure of the flow (Matsumoto et al. 1984).
2.1 Governing Equations Along the same line as the seminal work of Shakura &

Sunyaev (1973), we considet- to remain constant every-
In this work, we consider a steady, thin and axisym-ynere along the flow. In the event thatis insignificant,
metric magnetized accretion flow around a rotating BH.g,ch as for a Keplerian flow, Equation (5) restores to the
Throughout the paper, we express the radial coordingte ( « ,-model’ (Shakura & Sunyaev 1973).
in units ofr, = G Mgy /c?, whereG is the universal grav- In the left-hand side of Equation (2W.s is the
itational constant)Mpy is the mass of the BH andis the  ofective potential around a spinning BH suggested by

speed of light. Also, flow velocity is measured in units of chakrabarti & Mondal (2006). The form . is stated
c and time is measured in units 6fMpy /c®. We assume as,

the @, ¢, ) coordinate system where the accretion flow is T +VT? —4IK
confined in ther — ¢ plane and the BH is located at the Ve = — o7 )
center of the coordinate system.
. . where

We denote the dynamical flow variables, namely, ra- £2)2
dial velocity, sound speed, mass density, specific angular I= DISR
momentum, temperature, adiabatic index, specific entropy,
gas pressure and magnetic pressure of the flow by the sym- T=—1+ e2pAr? i 2)as
bolsu, cs, p, \, T, 7, 8, Pgas @NApmag respectively. Hence x? xr?’
the mass flux conservation equation, radial momentum e- 1 2asp 2%t
guation, azimuthal momentum equation and the entropy K=1- r—ro - )

eneration equation are, respectively, o i o i )
g a P y Here, radial distance in the cylindrical coordinates is rep

M = 27ulz, (1) resented byr and in spherical coordinates it is denot-
ed by r. In addition, A is the specific angular momen-
tum of the flow. Furtheryy = 0.085a2 + 0.97a, + 0.04,
u% p dx dx drxp ¢ = 2as/(2a% + a?z + 23) ande? = (a2 — 2z +
D d 2?)/(2a2/x + a? + %), wheree is the redshift factor and
uXz—— 4+ —(2%T,y) = 0, (3)  as represents the spin of the BH. The pseudo-potential ap-
dr — dr plied in this work adequately describes the space-time ge-
s _ Hu <@@ B %) —o _ o+ ometry around a spinning BH far, < 0.8 (Chakrabarti &
de 1—7 p dx dz Mondal 2006).
(4) Assuming vertical hydrostatic equilibrium, we cal-

Here, M represents the mass accretion rate Bnspec-  cylate the half-thickness of the disdl) as H(z) =

ifies the mass density of the flow averaged in the vertiz._, /2/(07) wherew' = (B‘gcff) .<<a, 2 indicates verti-
r ’

cal direction (Matsumoto et al. 1984). It might be noticedca| scale height in the cylindrical coordinate system and
that in the present work, we consistently regard the di;. — /;27;2 (Das et al. 2010; Aktar et al. 2015).
rection of inward radial velocity as positive. Alsp,t IS Here, the adiabatic sound speed is determined,as-

the total pressure of the flow which is considered to be /~prot/p- In this work, we accept to remain constan-
Ptot = Pgas T Pmag- 1 h€ gas pressure inside the disc is ob-t throughout the flow and fix = 4/3 (ultra-relativistic
tained agpgas = RpT/p, whereR is the gas constant and fiow) for the analysis that follows.

w is the mean molecular weight. We consige= 0.5 for Equation (4) is the entropy generation equation, where
a fully ionized hydrogen gas. Also, the magnetic pressurgne cooling rate and heating rate of the flow are represent-
of the flow is obtained a8z = (B3)/87. We define the g4 hyg— andQ*, respectively. 3D MHD simulations have
magnetic parameter of the flow @s= pgas/Pmag- USING  revealed that the dominant process contributing to the heat
the definition of magnetic parameter, we derive the tota|ng of the disc is the dissipation of magnetic energy via the
pressure of the flow aior = pgas(1 4 1/5). Moreover,  magnetic reconnection mechanism (Machida et al. 2006;

T.4 denotes the:p component of the Maxwell stress and Hjrose et al. 2006; Krolik et al. 2007). In view of this, the
this component dominates the vertically integrated totaheating rate is given by,

stress in the flow. When velocity in the radial direction is

du  1dpws dV, B?
u+_ptt H+<¢>—O, (2)

significant in the accretion floif ., is expressed as, +_ (BzBy) @ __ 2 @
Q o xH o ap(W + Yu)z e (6)
vp = ———H = —ap(W + Xu), (5)  whereQ represents the flow’s angular velocity.

47
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Due to high temperature at the inner region of the aceurrent analysis), we obtain
cretion disc, it is imperative that the plasma in this re- Ar
gion be treated as two-temperature. In such a case, the V % <U>< < By >¢— —773) =0, (8)
electrons in the flow can lose energy via synchrotron and ¢
bremsstrahlung emission as well as through the invers@hereu is the velocity vectorj is the current density ang
Comptonization effects. However, in the present work, wds the resistivity of the flow. Equation (8) is now azimuthal-
have approximated the plasma to be single temperaturEY. averaged. On account of significantly large length scales
Thus, the inverse Comptonization of the electrons has bedR the accretion disc, the Reynolds number achieves a very
disregarded since inclusion of this process requires a twdligh value. As a result, we ignore the magnetic diffusivity
temperature analysis. Also, due to smaller size of the accrderm. Further, we also disregard the dynamo term for the
tion disc in case of stellar mass BHCs, the accretion disc iBresent purpose. The resulting equation is then vertically
strongly threaded by magnetic fields. Hence, synchrotroiitégrated considering the vanishing of the azimuthally av
emission by the electrons is expected to be dominant ovéaged toroidal magnetic fields at the surface of the disc.
the bremsstrahlung process (Chattopadhyay & Chakrabatfi vView of these assumptions, the advection rate of toroidal
2002; Rajesh & Mukhopadhyay 2010). Due to the abovénagnetic flux is determined as

consid_era?ions, we consider_only synchrotron cooling to b — /_47WBO($)H’ (9)
be active in the flow. Accordingly, the synchrotron cool-
ing rate is written as (Shapiro & Teukolsky 1983) where,
~ Bog(x) = (Bg)(x;2=0
 SetoH [T, y o(z) = (By)( )
Q" = — B (B+1) (7) 25/471/4(RT)1/251/2
. ! ! T A2H2B1/2
with represents the mean azimuthal toroidal magnetic field in
. 2 4 . . .
s 18 e C1a,-1 -3 the disc equatorial plane following Oda et al. (2007). In the
= 14827 10 I, m3~5/2 G Mg e, accretion disc, it is generally expected tidatvill vary in

the radial direction due to the diffusion of magnetic fields
and the dynamo action. However, to avoid the complexity
) ) . S of determining the magnetic diffusivity term and dynamo
accretion rate in Eddington unitsMgaa = 1.39 X 4oy self-consistently from the local variables, we follow

17 ~—1
107" x Mgy /M gs™"). Here, we follow Rezzolla & he prescription of Oda et al. (2007) and adopt the para-
Zanotti (2013), Straub et al. (2014) and Yuan & Narayan,atric relation expressed by

(2014), and apply the efficiency factor of 1 to calculate the X
Eddington accretion rate. Moreovéy, = (2"n!)?/(2n + : ( : ) _ g T\

e ! & (2;¢, M) = b , 10
1)!'andn(= 1/(v — 1)) indicates the polytropic index of 76 ! (10)
the flow. We ignore any coupling between electron and ioy here ¢ represents a parameter describing the advection
and evaluate the temperature of electron in the flow USate of magnetic flux. Furthess,; denotes the advection
ing the relation”. = (y me/mi)ﬂ (Chattopadhyay & rate of the toroidal magnetic field at the injection radius
Chakrabarti 2002). Herey; indicates the mass of ion and (zinj), OF equivalently the outer edge of the accretion disc.
T; refers to the ion temperature. It can be noted that a'Wheng“: 0, magnetic flux remains constant radially while,

though we assume a single temperature flow, the tempefs, . ( the magnetic flux increases with the decrease of
ature profile of ions and electrons is expected to becomg, yis.

different at least at the inner disc region. It was indicated

by Mahadevan & Quataert (1997) that the exchange of e 5 Transonic Conditions and Solution Procedure

ergy between ions and electrons via Coulomb collision is

extremely ineffective in the accretion flow. Thus, the ionsDue to the essential transonic nature of BH accretion flows,

cannot attain thermal equilibrium with the electrons. Thethe infalling matter is subsonic at the outer edge of the

ions in principle retain the heat acquired via viscous disdisc (z;,j) and enters the BH supersonically (Chakrabarti

sipation in the disc. Again, since the relativistic elento 1990). The location in the radial direction, where the flow

are much lighter than the non-relativisticions, the elmwsr  behavior changes smoothly from subsonic state to super-

are able to radiate more effectively than the ions. Thus theonic state, is usually termed a critical point. In the fol-

accretion flow develops a two-temperature structure whiclowing, we solve Equations (1), (2), (3), (4), (9) and (10)

is mostly prominent at the inner region of the disc. simultaneously in order to perform the critical point anal-
Since we are dealing with hydromagnetic flows, as asis (Sarkar & Das 2016, and references therein), and is

consequence of induction equation in steady-state (for thgiven by

wheree denotes the charge of the electron and rep-
resents the mass of the electron. Also, signifies the

inj
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du N 1

iz D W {{ﬂc(l ) +3}ME  dadlag(yME +g)
where the expressions for the numeratdf) @nd denom- (v =DB+1) v
inator (D) are provided in Das & Sarkar (2018). The ex- d\IJ;
pressions for the radial gradientsqf A ands can also be % dr |-

found in Das & Sarkar (2018).

Now, the infalling matter must smoothly accrete ontoHere, we represent the values of the flow variables estimat-
the BH. This demands that the flow variables must haved atz. with the subscripté'.
finite values everywhere along the flow. Thus, if the de-  Presently, we obtain the value of sound speegd) (
nominatorD in Equation (11) vanishes in any radial lo- at z. by supplying the accretion flow parameters in
cation, the numeratok” must also simultaneously vanish Equation (13). Then the value af. can be found using
there (u/dx = 0/0), in order to maintain a smooth so- Equation (12). The obtained valueswf andc,. are sup-
lution. Such a radial location is known as a critical pointplied in Equation (11) to analyze the characteristics of the
(z.). This gives us two critical point conditions 8f = 0 critical points. Atz., du/dx possesses two particular val-
andD = 0. The expression of Mach numbeY/(= u/c;)  ues; one of which holds for the accretion solution and the
atx. is obtained by applying the conditidd = 0, which  other is for wind. If both the values of the velocity gradi-
is written as ent atz. are real and of reverse sign, is called a ‘sad-
dle’ type critical point (Chakrabarti 1990; Chakrabarti &
Das 2004). Such a critical point is of unique significance
since a global accretion solution goes through it only. In
this work, since our objective is to explore the magnetized
accretion flow around a BH, we consider solely the accre-

s = 202721, (1—7) (1= 29) (Be+1) —v2[(147) B +3], tion solutions in the subsequent investigation.

—309 — /35 — 41503
)

M, = (12)

2%1

where

sy = 2v(yBe + 2) + 4L, 9(1 — g)(1 — ) (Be + 1), 3 RESULTS AND DISCUSSION

_ 2 2 . . .
g = 20709 In(1 = 7)(Be + 1), In order to acquire a global accretion solution, we need to
where the parametey is defined asy = I,,.1/1,. To  derive the simultaneous solution of the coupled differen-
obtain the sound speed,() at z., we use the condition tial equations corresponding to the radial gradient of flow

N = 0 to get a cubic equation of the form velocity (u), sound speedt(), angular momentum\j and
plasmag. Additionally, the boundary values af, c;, A,
A3+ s + Ascee + Ay =0, (13) £ andrm must be known at a given radial position)(
The Kerr parametera() and viscosity parameteaf) al-

where / so need to be specified. It should be noted that, throughout
A =5 v, B2 the paper, we express angular momentwhnig units of
z? (B + 1) the Keplerian angular momentulk (= +/23/(z — 2)2).

Owing to the essential transonic nature of BH accretion
) solutions, flow must inevitably go through a critical point.

Thus, it is suitable to supply the boundary flow variables
at the critical point. With this, we carry out integration of
, the equations corresponding to the radial gradient, of,,
_ 20791, (YM¢ + 9) <dln%> X andg from the critical point once towards the inside up
7 dz to exactly outside the BH horizon and then outward up to
2{B.(1 +~) + 3} M2 f[h.e outer t_)oundary of the disc. These twq section_s can be
- (1 =) Be + 122 joined to yield a full global transonic accretion solutids.
determined by the boundary parameters, the accretion flow

o, = 207l (YME + ) MI(4+ 296) din¥,
2 w2 291 —7)(Be + 1) \ dx

3(3 4+ 2yB8.) M2 6079l (vMZ + g) has to cross one critical point at the minimum and feasibly
29(1 = v)(Be + 1)z xey? more (Sarkar & Das 2013, and references therein). A criti-
8aZgl, (M2 + g) (1 — 4¢)M?2 f:al poin.tt_whlich _istlzca;ted;?hartthi_Brlj.h(I)rizotn (ijsfcalfled an

- - ) inner critical point {;,) and that which is located far from

Y@+ ze 2B+ DI -7 b

the BH horizon is known as an outer critical poimt,{).
4hecarl, M (yM? + g) To begin with, we explore the effect of the
- 227 ’ (—parameter prescribing the magnetic flux advection rate

Az =
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¢= 0.6, in = 0.05 (i) energy ﬂUX:E+ = E— )
Ei 10.in = 005 (ii) mass flux:My = M_,

' (iii) pressure balancé?, + S u2 = W_ + X_u?,
(iv) magnetic flux advection raté, = &_,

where “+’ and ‘—’ represent the quantities evaluated im-
mediately after and before the shock transitiof) fespec-
tively (Landau & Lifshitz 1959; Sarkar & Das 2016). In
the pseudo-Kerr geometry, we follow Das & Sarkar (2018)
to calculate the local specific energy of the flow &)
out =u?/2+ /(v — 1)+ Vg + <B§5 > /(4mp). For the
present case, the shock is positioned at= 40.72 as in-
o dicated with the solid vertical arrow. Soon after the shock
1 1 2 3 transition, flow gradually gains its radial velocity duehet
og X o . . .
gravitational attraction and enters into the BH supersoni-
Fig.1 Variation of Mach number as a function of logarithmic cally after crossing the inner critical point at, = 2.52.
radial distance. The flows are injected from the outer edge=  \yhen the magnetic flux advection rate parameter is in-
1000 with specific energyzinj= 8.9 x 10~*, angular momentum creased further as — 1.0 while keeping all the remain-

Ainj = 0.11014\ ¢, Binj = 10° and viscosityar = 0.02. The i
Kerr parameter is chosen as — 0.8. Solid dottedanddashed N9 flow parameters unaltered, we find that the shock fron-

curvesdepict the results obtained faf, () = (0.6, 0.05), (1.0, t moves inward and settles down &t = 27.12. In the

0.05) and (1.0, 0.45), respectively. Thertical arrowsindicate  figure, this is indicated using the dotted vertical arrow. In

the corresponding shock transitions positioned-at= 40.72  reality, as( is increased, the magnetic fields carried with

(solid), z, = 27.12 (dotted andz, = 11.68 (dasheq. See text  hg accreting matter are also enhanced which raise the syn-

for details. chrotron cooling efficiency. Since the cooling is mostly ef-
fective at PSC, post-shock pressure reduces appreciably
which eventually causes the shock front to move further

on the dynamical structure of the accretion flow that confowards the BH in order to preserve the pressure balance

tains a shock wave. For this purpose, we fix the global pa@cross the shock. Next, we chogse- 1.0 andrin = 0.45
rameters asir = 0.02, as = 0.8 and inject matter sub- keeping the rest of the flow parameters the same. Due to

sonically from the outer edge of the discaat; = 1000 the incrgase ofn the synchrotron cooling efficiency in
with local flow variables ag,; = 0.11014\ g, Bin; = 10° the flow is additionally augmen.ted and the shock front ad-
andE,; = 8.9 x 10~4. The obtained results are depicted Vances further towards the horizon. The shock now forms
in Figure 1, where the variation of Mach numbar)is atzs = 11.68 as indicated with the dashed vertical arrow.
plotted against the logarithmic radial distance. Firstmve i N all the cases, arrows indicate the overall direction afflo
ject matter with accretion raté = 0.05 and¢= 0.6. For motion towards the BH. Based on the above analysis, we

these injection parameters, subsonic flow at the outer edg@nSequently point out that the-parameter prescribing
approaches the BH and becomes supersonic after crossifif magnetic flux advection rate seems to play an impor-
the outer critical point located at,,, = 654.52. The su- tant role in deciding the accretion disc dynamics including
personic flow proceeds towards the BH and sustains a vighock waves, in addition to accretion rate)(

tual centrifugally repulsive barrier in the neighborhodd o In Figure 2, we display the radial disc structure corre-
the BH. Due to this obstruction, the accreting matter beginsponding to shock solutions considered in Figure 1. For
to pile up in the vicinity of the BH, leading to the increase this, we considetMpy = 10 My as a standard refer-
of flow density profile. However, this accumulation of mat- ence value. Here in each panel, we show the radial vari-
ter cannot persist indefinitely and when the density scalation of a flow variable where solid, dotted and dashed
length achieves a critical limit, the flow may suffer a dis- curves depict results correspondingde=(0.6, . = 0.05),
continuous shock transition (Frank et al. 1992). As a resulf¢= 1.0, 72 = 0.05) and (= 1.0, rh = 0.45), respectively.

of this, the ordered kinetic energy of the flow gets convertMoreover, the filled dots represent the position of the-criti
ed to disordered thermal energy. Whenever dynamicallgal points. In Figure 2(a), we plot the variation of the radia
feasible, such a discontinuous shock jump is preferred byelocity of the flow as a function of distance from the BH.
the laws of thermodynamics since the entropy of the flowSince the accreting matter experiences greater gravitdtio
increases after the shock (Fukue 1987; Becker & Kazangsull as it moves closer to the BH, the radial velocity profile
2001; Fukumura & Tsuruta 2004). The shock transition insteadily increases towards the horizon. Thus, the subson-
a magnetized accretion flow is governed by the conservae flow starting from the outer edge of the disc becomes
tion of: supersonic as it crosses the outer critical point. Thisisupe
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the flow as a function of radial distance. This is essential

=5 e
0.4 -6 fo>s ® g sinceT, is related to the nature of the X-ray spectrum emit-
03 - O ted from the disc. We observe a risefinin the flow with
02 -9 f 5 decreasing radius for all the casés.is catastrophically
ot -10 ¢ % augmented across the shock jump, thereby demonstrating
9 96 [ that the PSC is significantly hotter than the pre-shock re-
© g 9.2 g gion. When( value is increased fro.6 to 1.0 (keeping
5.«‘; 4 8.8 | a m fixed), there is increase of magnetic field strength that
2 g 84r = increases the cooling of the electrons due to synchrotron
1 81 emission. Thus we observe a droglinprofile in the inner
06 BRI region (dotted curve). A further drop in tHe profile is al-
< ou w65 Fer 5 so observed wher is increased t0.45 retaining( fixed
= ';‘? S (dashed curve). Augmented accretion rate additionally en-
0.2 - =

hances the efficiency of synchrotron emission by the elec-
T I E, trons and also causes the drofdinprofile. In Figure 2(e),

1 2 3 2 : . ;

log x log x we plot the radial variation of the aspect ratif {x) of

Fig. 2 Variation of (a) radial velocity, (b) density in g crf, (c) the m_agnetlzed ac_cretlon disc. We flnq that the aspect ratio
the toroidal component of magnetic field in Gauss, (d) the-ele "€mains below unity throughout the disc for all the cases.
tron temperature in Kelvin, (e) disc aspect ratié/ir) and (f) ~ Further, due to the high temperature and density in the PSC
effective optical depth as a function of logarithmic radiabrdi-  of the disc, the PSC becomes puffed up and a sudden rise
nate. Th$0||d, dottedanddashed curveselate to the shocked ac- in the disc aspect ratio is observed after the shock Jump in
cretion solutions portrayed in Figure 1. The critical psiate in- all cases. Lastly, in Figure 2(f), we depict the radial dis-

dicated withfilled circleswhere the closer one is the inner critical , ., .. . . . . ..
point and the farthest represents the outer critical p&iosition tribution of effecnve optical depth |.n the vertlcgl direm
(Temr). Inthe disc, we calculateg using the relatior.g =

of the shock is displayed usingertical arrows See text for de-
tails. V/TsynTes (Rajesh & Mukhopadhyay 2010), whetg,, de-
notes the absorption effect arising due to thermal process-
is qi — 7 T4 2
sonic flow experiences centrifugal barrier in the vicinify o ©s ?nd 'S given by, = (Hqsy“/4qTe) (GMp/c?)
. Rajesh & Mukhopadhyay 20109,y is the synchrotron

the BH and undergoes a shock jump to become subsonfc A . : _

- . . emissivity (Shapiro & Teukolsky 1983) amd= 5.6705 x
as indicated by the downward vertical arrow in each of the1 5 3,4

. : 072 gs 2> K™* is the Stefan-Boltzmann constant. Here,

three cases. The subsonic flow again becomes SUPErsonic , . < the scattering optical denth estimated.as
after passing through the inner critical point and entegs th ** gop P a

KespH Wherers = 0.38 cm? g~ ! is the electron scatter-

BH horizon. In Figure 2(b) we show the variation ofden5|-ing opacity. Here, we observe that for all the casgs re-

ty of the accretion flow as a function of radial distance. The_~. ; S
mains well below unity. However, a rise g is observed

density of the flow rises as the flow approaches the horlzoQlcross the shock transition in every case due to greater den-

and the density is bopstgd up across the shocl_< transmogity at the PSC as observed in Figure 2(b). Whés in-
The post-shock density rises due to the reduction of flow - ) .
. . . creased retaining other parameters fixed, the magnetic ac-
velocity after the shock jump in order to conserve the masg . L . : .
: " L . Ivity in the disc is augmented, leading to the increase in
flux (M) across the shock transition. This is evident from . .
L . o .. _Tsyn and the consequent increase of thg profile (dot-
the sudden rise in density profile in all the cases as indicat- o .
. o ed curve). Also, whemn rises t00.45 keeping the rest of
ed by the upward vertical arrow. Next, in Figure 2(c) we . . R
L L the parameters fixed, there is a further rise inthepro-
present the variation of the magnetic field strenBthas a .. . L .
. o . ile due to increase of density in the accretion flow (dashed
function of radial distance. For all the cases, we find tha{:urve)
By steadily increases with the decrease of radial coordi- '
nate. This happens due to the increase of magnetic flux ad- One of the pertinent aspects in understanding the mag-
vection rate ¢) with deceasing radius. Increase(odug-  netically supported accretion flow around the rotating BHs
ments® and leads to increase @i, profile as signified is to study the dependence of the shock properties on
by the dotted curve. Also whem rises, there would be the magnetic flux advection raté@). For this purpose in
an increase of magnetic field lines carried with the matterfFigure 3, we fix the outer edge of the discrat; = 1000
So, theB,, profile would also increase as indicated with and inject matter to accrete with;,; = 8.9 x 1074,
the dashed curve. Furthds,, also jumps across the shock fi,; = 10°, ar = 0.02 ands = 0.05. Kerr parameter
transition due to the compression of the flow at the shocks held fixed ata;, = 0.8. It has already been specified
location and the conservation®facross the shock. In Fig. that the(—parameter decides the advection rate of toroidal

2(d), we show the variation of electron temperatdfd (n  magnetic flux §). Thus in Figure 3(a), we present the vari-

-10.4
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S (a) front is pushed towards the BH in order to maintain pres-
W' 2 sure balance across it. The increase of magnetic activity
e e in the disc also enhances the angular momentum transport
Tlep T, towards the outer region of the disc. This weakens the cen-
o o ————— ‘_» ‘ ‘ trifugal repulsion against gravity and also contributes to
~ i E B shift the shock towards the horizon.. Whenparameter is
s increased beyond a critical valu¢t), the shock condi-
w2 | (b) tions are no longer satisfied and a standing shock fails to

JOF ‘ ‘ ‘ — form. Moreover, for a giverq, we find that when flow is
g e e characterized with relatively largg,;, shocks form over a
= °r large range of distances and vice versa. This clearly indi-
® : foooo e (c) cates that shock transitions in BH accretion flows are cen-

03 0%4 ‘ 0%5 ‘ 0%5 ‘ 0%7 ‘ oéa ‘ 0%9‘ i ‘ 1%1 ‘ 1%2 ‘ 1%3 trifugally driven.

) L ) ) _ Now, corresponding to the shock solutions shown in
Fig. 3 Variation of (a) shock Iocat_loms,(b) compression ratié¢ Figure 3(a), we present the variation of relating shock
and (c) shock strengt® as a function of for flows injected from 9 e _p 9 .

Zing = 1000 With Binj = 10°, arr = 0.02, Einj — 8.9 x 10~ COmpression ratio ) and the shock strengtt®] with
andri = 0.05. The Kerr parameter is chosenas= 0.8. Solid ~ (—parameter in Figure 3(b) and Figure 3(c), respectively.
dottedand dashed curvesepresent the results corresponding to Here, R is defined as the ratio of the vertically integrated
Ainj = 0.10888Mk, 0.11014Ax and0.11141Axk respectively.  post-shock density to pre-shock densityas= >, /> _.
See text for details. On the other hand is defined as the ratio of pre-shock to
post-shock Mach numbe®&(= M_ /M. ). Since stronger
24 o {(=08-------- shocks are located closer to the BH horizon, we find that
steadily increases with in Figure 3(b). We ascertain that
for shocks closest to the BH horizoR, ~ 5. Moreover,
similar variational characteristics @d are observed in
‘ N Figure 3(c) as in the case & It can be noticed thak and
<18 ‘ O are almost independent, with the flux advection rate for
S L B _ the results signified using solid and dotted curves respec-
: tively. The reason for this behavior is the weak angular mo-
mentum transport rate for low value@fThis claim is con-
sistent with Equation (5), whefg, is proportional to the
, sum of vertically integrated pressure of the flow and
T S HR B the ram pressuréXu?). Here,W has contribution from the

B R log iy 0 ! gas pressurepf.s) as well as magnetic pressutg, ) in

the flow. Now, from Figure 2(c), we find that when the

injected from the outer edggn; = 1000 With fu; = 10°, ar vaIL_Je is incrgased, the value Bf; increazses ata partigular
0.02, Einj = 8.9 x 10 and Amj = 0.111417x . The spin of  'adial coordinate. Thugimag (=< By, >* /87) rises with
the BH is chosen as, — 0.8. Results plotted witisolid, dotted (€ increase of for a given radial coordinate and, conse-

anddashed curveare for¢ = 1.2, 1.0 and0.8, respectively. See quently,T,, is also augmented at that location. &on-
the text for details. trols the angular momentum transport rate in the flow. The

major maotivation in this figure is to establish that the aecre
ation ofz, with ¢ for three sets of specific angular momen-tion flow admits a shock for a wide range of angular mo-
tum, Aip; = 0.10888\ gk (solid curve) \ip; = 0.11014\ g menta as well ag. The chosen values of,; for the solid
(dotted curve) andy,; = 0.11141\k (dashed curve). We and dotted curves are lower than that of the dashed curve.
observe that for a given;,;, shocks form for an ample So for the solid and dotted curves, the shocks form closer
range of¢ and wher( is increased, the shock front moves to the BH as compared to the dashed curve. Also when
towards the BH horizon. The increase(oeads to the in- is low (< 0.8), the rate of transport of angular momentum
crease of toroidal magnetic flux advection rate in the radiain the disc is expected to be feeble. Due to the proximity
direction as the flow proceeds towards the BH (Oda et alof the shock location to the BH horizon and meager angu-
2007, 2012). With the increase of magnetic activity in thelar momentum transport rate, there is a small shift in shock
disc, the flow gets efficiently cooled. Since the cooling effi-location wher( is lowered and we do not observe a signif-
ciency is greater in the PSC due to higher temperature aridant variation in the compression ratio or shock strength
density there, the post-shock pressure drops and the shoftk the results marked with solid and dotted curves.

Fig.4 Shock location ) variation as a function of. Flow is



B. Sarkar & A. RaoMagnetized Accretion Flow around a Black Hole 40-9

In Figure 4, we show the variation of shock location whereL a1, Lshock and M denote the kinetic power lost
(xs) as function ofriz. At the injection radius:;,; = 1000, by the disc, the luminosity of shock and the accretion rate
the flow parameters are chosenf&s; = 8.9 x 10~%,  for a specified source, respectively. The energy loss at the
Ainj = 0.11141\g, Binj = 105 andar = 0.02. The BH  shock front due to Comptonizatiod\{¥) is essentially a
spin parameter is fixed ag = 0.8. Here, solid, dotted and function of the number of soft photons and the number
dashed curves refer to the results correspondiggtol .2,  density of electrons (Mondal et al. 2014). In this paper, we
1.0 and0.8, respectively. We notice that for a givenxz,  fix fy = 0.998 all throughout, for the sake of representa-
decreases with the increaserf It was already pointed tion.
out that the shock front advances towards the BH when  gypsequently, we compute the maximum luminosity

i is increased (see Fig. 1) and the overall pressure in thgf shock €mex ) relating to maximum dissipation of en-

PSC is expected to be reduced. Therefore, for a given ergy at the shock. Hereyz = 0.001 and 8, = 10° are

we observe an anti-correlation betweenandrin. When  cqonsidered for all cases. Also, in Oda et al. (2007), the au-
7 rises beyond a critical limitr), standing shocks do  thors have obtained radial structure of the accretion disc
not form since the shock conditions are not satisfied anYeonsidering. = 1, which remains optically thin through-
more. Again, is also found to decrease with the increaseg ;. For¢ ~ 0, the authors showed that steady global
in ¢, whenvi is fixed. In reality, when thg parameter is  transonic solutions with magnetic fields were not derived
augmented, synchrotron cooling efficiency in the flow ispeyond a certain critical accretion rate. They further re-
higher as there is increased magnetic activity in the disported that for¢ ~ 1, accretion solutions connecting the
c. Due to the efficient cooling at the PSC, the post-shoclyyter houndary to the inner region can be obtained for
pressure decreases and the shock location approaches FQ@G accretion rates with the lews region at the inner
BH in order to maintain the pressure balance across thﬁart of the disc. Moreover, Oda et al. (2012) stated that
shock front. Thus, for a givem, x, anti-correlates witl{. o small values oft (e.g.,( ~ 0), it is not possible to

obtain the magnetically supported levé disc solutions
but the usual ADAF/radiatively inefficient accretion flow

Thus far, we have dealt with non-dissipative shocks wheréRIAF) solutions can be explained. Further, in table 1 of
the specific energy essentially remains conserved acro§da et al. (2012), the authors demonstrated the formation
the shock front (Chakrabarti 1989). However, as see®f alow—g disc can occur in global accretion solutions for
in Figure 2(f), the sudden compression of the flow at)-5 < ¢ < 1, by suitably choosing the other disc parame-
the shock causes the optical depth of the flow to risders. For¢ > 1, the authors additionally showed that mag-
significantly across the shock front. Since the shock igetic pressure would dominate in the accretion flow even
thin and the optical depth there is very high, thermalatlow accretion rates. Considering all these, we argue that
Comptonization of the photons is expected to be very im< = 0.5 is a reasonable approximation in the accretion dis-
portant. Chakrabarti & Titarchuk (1995) pointed out thatC to obtain the low-3 solutions and this can support the
due to the thermal Comptonization process, the dissipatioRbservational values. Thus, we chodse- 1 as a repre-
of energy of the accretion flow at the shock is likely. ThisSentative value in the analysis that follows.
energy dissipation mechanism eventually reduces the tem- In Table 1, we present the physical parameters of the
perature of the flow in the PSC and the energy loss is prostellar mass BH sources including model parameters and
portional to the difference in temperature in the post- andompute maximum luminosity of the shock. Columns (1)—
pre-shock flows. Following this, the loss of enerdyK) (4) of Table 1 list the names of sources, their mads ),
at the shock is assessed as (Das et al. 2010) accretion rater) and spin ¢;). In columns (5)—(6), we

AE — fdn(c§+ — ), (14) provide the specific energy at the inner critical poift,()

and the angular momentum at the inner critical pohat).

wherec,— andc,,. denote the pre-shock and post-shock, ¢olumn (7), we note the maximum dissipated energy
sound speeds, respectively. Hefg refers to the fraction  \ pmax and in column 8, we indicate the position of shock
of thermgl energy difference dissipated across the shoc&gzs)_ In column (10), the maximum luminosity of shock
front, which is treated as a free parameter in this work (Daiﬁi)ék is reported. Our primary objective in this examina-
etal. 2010; Singh & Chakrabarti 2011; Sarkar & Das 2013;

_ _ tion is to estimate the upper limit of energy that can be re-
Kumar & Chattopadhyay 2013; Sarkar et al. 2018; Das &moved from the PSC to power the outflowing matter from

Sarkar 2018). The kinetic power lost from the disc can bg. 4isc as jets. Accordingly, we evaluate the maximum
evaluated by regarding the shock luminosity as in Le &dissipated energA ™ at the position of shock jump.
Becker (2004), Le & Becker (2005), Sarkar & Das (2016)rq, the stellar mass BH sources under consideration, we
and Sarkar etal. (2018), find that the evaluated luminosities of shock are in con-
Liotal = Lsnoek = M x AE x ¢* ergs™',  (15)  sensus with the core radio luminosity valugig (in col-

4 ASTROPHYSICAL RELEVANCE
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Table 1 Calculation of Luminosity of Shock

Object Mgu m as Fin Ain A Emax Ts Lmax LODs

(Mo)  (Mpaa) 10°0) () (02 () (egs)  (ergs )
(1) (2 (3) 4) (5) (6) ) (8) 9) (10)
A0620-00 6.60% 50x10"%b 0.12¢ —0.6517 0.88972  0.8754 16.54  3.61 x 1033 1.0 x 1033 *
LMC X-3 6.98 ¢ 2.365 © 025 —1.5036 0.85117  1.5642  16.03  3.23 x 1037 -
H1743-322 11.219 0.127 ™ 0.4 —2.2296 0.76128  2.2488 15.22 4.0 x 10%%  3.60 x 1038 *
XTE J1550-564  9.107 0.528 F 0.49%  —2.4323 0.68529  2.4216 14.27  1.45 x 1037 3.41 x 1038 ¢
GRO J1655-40  5.31™ 0.596 ™ 0.7° —2.8775  0.40495 2.7427 13.25  1.08 x 1037 1.95 x 1036 P
XTE J1118+480  7.509 3.0 x 10~ 4? 0.9" —2.9702  0.29669  3.0866 9.07 868 x 10  4.0x 1032 *
LMC X-1t 10.91 % 0.884t 0.92t  —4.1158 0.26757  3.9125 8972 4.71 x 1037 2.0 x 1039 v
Cyg X-1f 14.8 v 0.061 » 0.97%  —3.3274 0.35534  3.4323 8.02 387x10%  1.0x10%37¥
GRS1915+105 10.1 7 3.188 *@ 0.98%Y  —3.5997  0.36401 3.4312 8.02 1.38x 103 1.0 x 1038 #¢

In Column (1), we make a list of the names of the sources andlis. (2)—(4) we give the corresponding mass, accretionaradespin. In Cols. (5)—
(6), we report the model parameters and in Cols. (7)—(9, dieate the maximum energy dissipated, the shock locatidrit@estimated maximum
luminosity of shock obtained using Eq. (15). The core radinihosity values reported from observations are listedah @0).

aCantrell et al. (2010)?Yang (2016)Gou et al. (2010)¢Orosz et al. (2014):Kubota et al. (2010)f Steiner et al. (2014)Molla et al. (2017);
hBhattacharjee et al. (2017)Tursunov & Kolo$ (2018)¢ Orosz et al. (2011b): Steiner et al. (2011);Fender et al. (2004)Motta et al. (2014);
" uketic et al. (2010)°Shafee et al. (2006¥Migliari et al. (2007);2Khargharia et al. (2013):Chaty et al. (2003)$Orosz et al. (2009):Gou
et al. (2009);“Cooke et al. (2007)?Orosz et al. (2011af’Gou et al. (2011)FFabian et al. (2012)yGallo et al. (2005)7 Steeghs et al. (2013);
**Belloni et al. (2000)7¥ Miller et al. (2013). ]

* LJ.(;ES = Moutc? is applied for the sources A0620-00, XTE J1118+480 and H4323, wherelM,,; is the outflow rate. For the sources

A0620-00 and XTE J1118+480, the outflow rate is adopted framg¥(2016). For H1743-322/,.: is considered following Miller et al. (2006).

umn 10) reported from observations (Fender et al. 2004jon parameters at the outer edge, we find that the shock lo-
Cooke et al. 2007; Gallo et al. 2007; Migliari et al. 2007; cation shifts towards the horizon with the increasé€ (fi-
Belloni et al. 2000), subject to availability. To estimate a the corresponding increase®y as well as the increase
the observed jet IuminosityL&)S) from the outflow rate of 7. In Figure 2, we have demonstrated the radial vari-
(Mout), we have employed the relatidnﬁES = Myyc?. ation of various flow variables corresponding to the glob-
Here, we assume 100% energy conversion efficiency ol shocked accretion solutions considered in Figure 1. We
the basis of the common definitiahggqy = Mggqc? for ~ Observe that the PSC is hotter, denser, optically thick and
the Eddington limit on the mass accretion rate adopted b@lso contains higher magnetic field strength as compared
many authors (Rezzolla & Zanotti 2013; Straub et al. 2014t0 the pre-shock flow. In Figure 3, we examine the effect
Yuan & Narayan 2014). Although 100% energy conversiorPf the increase of on the shock dynamics. The increase
efficiency is unphysical, the definition used would giveOf ¢ leads to the increase of toroidal magnetic flux advec-
us the maximum observed luminosity achievable from thdion rate in the radial direction as the flow gets closer to
outflow rate available in the literature, which is comparedhe BH. With the increase of magnetic activity in the disc,
with the calculated maximum shock luminosity from our the flow is efficiently cooled. Since the cooling efficiency
model. For the BH sources marked with superscrjghe  is greater in the PSC due to higher temperature and density
reported values of spin from the literature excée®l In  there, the post-shock pressure drops and the shock front is
such a case, it is inappropriate to apply the Chakrabarti @ushed towards the BH in order to maintain pressure bal-
Mondal (2006) potential to calculate the shock luminosityance across it. The increase of magnetic activity in the disc
corresponding to these sources. Nevertheless, we carry oigue to increase of) also enhances the angular momen-
the analysis using this potential in order to get a quali¢ati tum transport towards the outer region of the disc. This

estimate ofC12%, for these sources. further weakens the centrifugal repulsion against gravity
and also contributes to shift the shock towards the hori-
5 SUMMARY zon. As a consequence, the shock compression r&jo (

. ) and the shock strengti®] also rise (Figs. 3(b) and 3(c)).
We study the effects of the variation of magnetic flux ad'Furthermore, from Figure 3 we also observe that global

vection rate @) and accretion raterif) on the properties accretion solutions with shock exist for an ample range of

of shock in accretion flow around_ a rapidly rotating BH (—parameter and angular momentum. Nextin Figure 4, we
(as - 0.8). In the global transonic ac_cret_|on SOIUt'OnS’_eprore the effect of increase &f on the shock position.

heating takes place due to the thermalization of magnetig, , given set of injection parameters at the outer edge,
energy, while cooling occurs via synchrotron emission. Ir\/\/e observe that global shocked accretion solutions exist

Figure 1, we present the combined effect of variatiomof for a wide range ofi. However, the range of: for shock
and(—parameter on the shock dynamics. For fixed injec- ' ’
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anti-correlates with the increase @fFinally in Section 4, is expected to remain unaltered. We would like to address
we consider the astrophysical application of the preserthese issues in the future.

formalism. We estimate the maximum energy dissipated

across the shock front via the thermal Comptonization pheAcknowledgementsBS acknowledges Dr. Ramiz Aktar
nomenon and the corresponding shock luminogity¥:,) and Mr. Indu Kalpa Dihingia for useful discussion-
for several stellar mass BHCs. We find that the estimated on specific topics of the paper. AR acknowledges a
L5 s in good agreement with the observed values of je€ommonwealth Rutherford Fellowship. Authors would
kinetic luminosity CQP*). If the value of£Q® is unavail-  like to thank the referee for his valuable comments and
able for a given source, the present model can predict theonstructive suggestions, which helped to improve the pre-
maximum shock luminositg}x, that may be observed. sentation of the paper.
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