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Dissipative standing shocks in accretion flows around
black holes: a self-consistent analytical study
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Abstract. We self-consistently study the properties of the dissigati
standing shock waves in an accrertion flow around a statydsiack hole.
We use analytical method to achieve our goal and identifyfiattve area
in the parameter space spanned by the specific energy anpetiicsan-
gular momentum which allows accretion flow to pass througictkhhav-
ing some energy dissipation. As the dissipation is increabe parameter
space is reduced and finally disappears when the dissigatieached its
critical value. We show the variation of shock location awthpression
ratio as a function of the specific energy and study them msesf energy
dissipation across the shock.
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1. Introduction

The accretion flow around the black holes must be transoniatare in order to
satisfy the inner boundary conditions. Moreover, low aaguhomentum accretion
flow may possess multiple sonic points and pass through thekskaves depending
on the outer boundary conditions (Chakrabarti 1989; Chedata 1996; Das et al.
2001). For a thin, axisymmetric, adiabatic accretion flowusid a Schwarzschild
black hole, Das et al. (2001) developed a completely aralythethod to study the
properties of sonic points and shock waves. In this work, amesier the shocks
are dissipative in nature where a part of the accreting grisngudiated away via the
disk surface at the shock location and accordingly, we nydtdi# Rankine-Hugoniot
shock conditions to calculate the standing shock progertie
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2. Model equations

We consider thin, inviscid and steady accretion flow arour8tlhwarzschild black
hole. We assume that the flow is in hydrostatic equilibriurthmtransverse direction
and the space-time geometry around the black hole is deschi the Pacayki-
Wiita pseudo-Newtonian potentidl = ﬁ (Paczyiski & Wiita 1980), where x
is the radial distance from the black hole measured in ungafwarzschild radius
(ry = 2GMgy/c?). Here,Mgy, G andc are the mass of the black hole, the gravita-
tional constant and the velocity of light, respectively.cAadingly, time and mass is
measured in unit of,/c andMgy. With this, the dimensionless energy conservation
equation (Chakrabarti 1989) is given by,
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wherep, a, & andA are the velocity, sound speed, specific energy and specgidan
momentum of the flow, respectively. Herg= Fll) is the polytropic constant andis
the adiabatic index. The mass flux conservation equatioaKbarti 1989) is given
by,

M =vad x¥2(x— 1), @)

where,q = (y + 1)/(y — 1). Here, we use? = yP/p, where,P andp are the isotropic
pressure and density of the flow at the disk equatorial plane.

Following the sonic point analysis (Chakrabarti 1989), aintains algebraic
equation for sonic point (Das et al. 2001) as,

NXE -0+ PR —Qx+R=0 (3)

where, N = 108, 0 = 165+ 2n - 3, P = 68 + 4%(4n - 1) - 3, Q = 8n4?, and
R = (1+ 4n)2%. Eq. (3) is a quartic equation having four roots. Among thalithe
roots may be complex or two complex and two real or all fourragd (Abramowitz
and Stegun 1970). A necessary condition to form a shock wate have four real
roots (Das et al. 2001). We observed that one root remaiindeitise horizon and
others lie outside and out of them two would be X-type and oneetween must be
O-type.

3. Shock location analysis

For standing shock, Rankine-Hugoniot (R-H) conditionsthteebe satisfied (Landau
& Lifshitz 1959; Das et al. 2010). Since the radiative dissipn is expected mostly
through thermal Comptonization (Chakrabarti and Titakch@89), the energy bal-
ance condition across the shock is modifieéas- &_—AE, whereA& = fn(a2-a2).

Here, ‘-’ and +' denote pre- and post-shock quantities and the paramésehe frac-

tion of difference in thermal energy dissipated across the shock whighrieasure
of the energy dissipation. Using R-H conditions along witfsE(1-2), we obtain the
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Figure 1. (a) Shock locatiorxs as a function of pre-shock energ§y. (b) Variation of compres-
sion ratioR with pre-shock energg_. In both the graphs the solid curve represents the shock
locations without any energy dissipation.

shock invariant quantity in terms of pre- and post-shock Maegmbers¥_ andM,)
as,
co MGy-1)+ @/MI)1? _ M-y - 1)+ (2/M)?

2+ (y - 1)M2 + 2f 2+ (y—1)M? + 2f
Simplifying Eq. (4), we obtain,

, 4

2(y—1)(M?+ M?)—[(3y—1)>-2(3y—-1)(y— 1)+ f(By—1)IM?>M2 + 4+ 4f = 0. (5)

Following Das et al. (2001), we expand the pre- and postisiech number as
quadratic polynomial ok and insert them in Eq. (5) to obtain,

A+ B +Cx2 + Dxs+ F = 0. (6)

Here, we use = 4/3 for relativistic flow and#, 8B, C, D, and¥ are the functions of
the flow parameter§ andA (Das et al. 2001). Eq. (6) is quartic in nature which we
solve analytically.

InFig. 1a, we show the variation of shock locatiog)( same agg in Chakrabarti
(1989), as function of the pre-shock ener@y) for A = 1.8. Curves plotted with
different line styles are for various energy dissipation at tlloels marked in the sub-
panel. At zero dissipationf(= 0), shocks form for a wide range of energy. As the
dissipation is increased, shocks move towards the blackdrud the available range
of energy for shock is shortened. Finally, shocks disappeapletely when dissipa-
tion reached its critical value. In Fig. 1b, we depict thelation of compression ratio
(R=v_/vy) correspondingto Fig. 1a. We find tHincreases with energy dissipation
for a given&_. This is expected as the shift of shock location towards thekihole
ensures further compression of post-shock matter enhgittfegncompression ratio.

As anticipated above, the possibility of shock formatioreiduced as we increase
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Figure 2. Variation of the parameter space responsible for the faomatf a standing shock as
aresult of energy losA&. See text for details.

the dissipation. In order to understand this, we identify tegion of the parameter
space (spanned by the specific energy and specific angulaentom of the flow)
for shock which is shown in Fig. 2. Solid boundary represéimészero dissipation
limit (f = 0). With increasing energy dissipation identified witlfelient line styles
parameter space shrinks and eventually disappears.

4. Conclusion

In this work, we demonstrate that the shock location and iitgo@rties could be

studied completely analytically even in the presence ofggndissipation across the
shock. The radiative loss removes a significant thermakpresrom the inflow and

as the dissipation increases, the shock location shiftaridsthe black hole to main-
tain the pressure balance across it. We also find that thengdea space for standing
shocks decreases with the increase of energy dissipatidrvamishes completely
when the dissipation is reached its critical value.
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