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ABSTRACT

We present a model of optically thin, two-temperature, @iion flows using an exact
Monte Carlo treatment of global Comptonization, with sebdtpns from synchrotron and
bremsstrahlung emission, as well as with a fully generaltirgttic description of both the
radiative and hydrodynamic processes. We consider aconeties for which the luminosities
of the flows are between 10°2 and 102 of the Eddington luminosity. The black hole spin
parameter stronglyfgects the flow structure within the innermesfLO gravitational radii. The
resulting large dference between the Coulomb heating in models with a nomisrgtand a
rapidly rotating black hole is, however, outweighed by arsty contribution of compression
work, much less dependent on spin. The consequent redwiftiffects related to the value
of the black spin is more significant at smaller accretioesaFor a non-rotating black hole,
the compressive heating of electrons dominates over thmitdthb heating, and results in
an approximately constant radiativieiency of~ 0.4 per cent in the considered range of
luminosities. For a rapidly rotating black hole, the Coulbheating dominates, the radiative
efficiency is~ 1 per cent and it slightly increases (but less significahi@ntestimated in some
previous works) with increasing accretion rate. Flows it considered parameters produce
rather hard spectra, with the photon spectral index 1.6, and with high energy cutfis at
several hundred keV. We find an agreement between our madelhich the synchrotron
emission is the main source of seed photons, and obsersatidiack-hole binaries in their
hard states and AGNSs at low luminosities. In particular,model predicts a hardening of the
X-ray spectrum with increasing luminosity, as indeed obséibelow~ 0.01Lg or so in both
black-hole binaries and AGNs. Also, our model approximateproduces the luminosity and
the slope of the X-ray emission in Cen A.

Key words: accretion, accretion discs — black hole physics — X-raysafiés — X-rays:
general.

1 INTRODUCTION rotation of the black hole is considered), where most of ttzeg
itational energy is dissipated, as well as local approxionat of

Comptonization, which appear to be particularly incoriaapti-

cally thin flows (see Xie et al. 2010; hereafter X10). The gahe
relativistic (GR) hot flow model with global Comptonizatiarf

Kurpiewski & Jaroszyhski (1999), qualitatively compareith ob-

servations of NGC 4258, is a notable exception.

Optically thin, two-temperature accretion flows have beemsa-
ered as an explanation of a variety of black hole systems and a
substantial work has been done for investigation of theirayi-
cal and spectral properties (see, e.g., Narayan & McClini98
for a review). However, the developed models still involegesal
approximations which significantly reduce their accurabyese
involve the use of a pseudo-Newtonian potential of Paddyfis In this paper, we extend our previous treatment of global
Wiita (1980), which fails in the innermost region (partiatly if Comptonization from X10 by using the hydrodynamical model
from Manmoto (2000), and develop a self-consistent modelr
ing a fully GR description of both the hydrodynamical and the
* E-mail: niedzwiecki@uni.lodz.pl (AN), fgxie@shao.ac.c(FGX), diative processes. We consider moderate values of aauretie, at
aaz@camk.edu.pl (AAZ) which Coulomb coupling between ions and electrons is radbti
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weak compared to the viscous heating of ions and, therefioge,
ion temperature (and hence the total pressure) is fiiettad sig-

nificantly by the details of the description of radiative peeses.
This allows for a slightly simplified treatment of the flowstture

in our computations leading to a self-consistent solution.

Already the foundational papers proposed that tenuous, two
temperature flows may be responsible for the hard specataissof
black-hole binaries (Ichimaru 1977) and for the low nucleani-
nosities in radio galaxies with large radio lobes (Rees.€1382).
We consider two ranges of the key parameters (black hole amaks
accretion rate) which should be relevant for these two regjqi-
cation areas. For each of these two cases, we illustratengeci of
the black hole spin by considering a non-rotating and a mabym
rotating black hole. On the other hand, we neglect here therde
dence on other crucial parameters. In particular, we cengidly
weakly magnetized flows and we neglect the direct viscous hea
ing of electrons (note that the latter is consistent with frener
assumption, see e.g. Quataert & Gruzinov 1999). Furthexnvose
neglect outflows which may play important role in some system
(e.g. Yuan, Quataert & Narayan 2003).

2 THE MODEL

We consider a black hole, characterised by its misand angu-
lar momentum,J, surrounded by a geometrically thick accretion
flow with an accretion rateyl. We define the following dimension-
less parameters: = R/Ry, @ = J/(CR;M), m = M/Mg, where
R, = GM/, Mg = Lg/c? andLe = 47GMmyc/or is the Ed-
dington luminosity. The inclination angle of the line of kigo the
symmetry axis is given bjops = COSHops.

We refine here our previous study presented in X10 by includ-
ing a fully GR hydrodynamical description of the flow. Our GR h
drodynamical model follows strictly Manmoto (2000), extcey a
small diference in the advective term, as noted below equdfion (2).
We have thoroughly tested our hydrodynamical model by campa
ing it with the numerical code and results of Li et al. (2008hjch
work also follows Manmoto (2000). OtherftBrences with respect
to X10 involve:
(i) the vertical structure of the flow: we assume here thati¢ne-
perature and velocity components are vertically unifortnilevthe
density distribution is given by(R,2) = p(R,0)expz/2H?),
whereH is the height scale &t in X10 we assumed a tangentially
uniform structure of the flow;
(i) the direct viscous heating of electrons, which is netge here
and included in X10;
(iii) an outflow, neglected here and included (with a largegma
tude) in X10.

We consider the pairs of the main parametersMf £ 2 x
10 Mg, m=0.1) and M = 10 Mg, m = 0.5), which correspond
to low-luminosity AGNs and hard states of black-hole biaayire-
spectively. For each pair oM, m) we consider two values of the
spin parametea = 0 anda = 0.998. We assume the viscosity pa-
rameter ofe = 0.3 and the ratio of the gas pressure (electron and
ion) to the total pressure @iz = 0.9, i.e., the magnetic pressure
of 1/10th of the total pressure. The latter parameter deterntirees
strength of the magnetic field in the accretion flow, and the sy
chrotron emission can then be determined. For it, we follbe t
method of Narayan & Yi (1995), which was applied also by Man-
moto (2000) and X10.

Mpe dinp
Acompr = - ZHR; W, (l)
and the rate (per unit area) of advection of the internalgnef
electrons,

~ Mp. dInTe @)
Ro(.—1) dR

wherep is the mass density angl is the electron pressure in the
midplane,T is the dfective adiabatic index [see, e.g., eq. (62)
in Manmoto (2000) for the definition]. Note that in our defioit
M > 0. Then,Acompris always positive (therefore, we define it as a
heating term) as the density gradient is always negativarimmd-
els. In all modelsQ.; is negative (representing the release of inter-
nal energy) in the innermost region, at larger distancespbsitive
(the internal energy is stored) or vanishes. Following thealinota-
tion, we define also the electron advection r@guw = Qint—Acompn
which is typically negative (i.e. the advectiviexts result in fec-
tive heating) except for the outer (beyong see below) region in
the local models. The above forms Afompr and Qi follow di-
rectly from egs. (54) and (60) in Manmoto (2000). We do not use
the simplifying approximation, dIal/dInR = 1, adopted in Man-
moto (2000); we checked that it yields deviations of the ative
term by a factor of a few.

With the above definitions, the electron energy equation is

0 = Aje + Acompr— Qrad — Qints (3)

whereQ;4q is the radiative cooling rate per unit area (including syn-
chrotron,Qsync, and bremsstrahlun@yrem, and their Comptoniza-
tion, Qcomp) @and Aje is the electron heating rate per unit area by
ions via Coulomb collisions.

The values ofAie, Acompr and Qraq integrated over the whole
body of the flow are denoted BYe ot, Acomptot aNA Qradtot, respec-
tively. Due to the &ect of capturing by the black hole and the grav-
itational redshift (see Sectién 3.B8.3 for details), thaltppwer ra-
diated by the flowQaqtot, is higher than the luminosity,, detected
far away from the flow.

Our modelling of Comptonization makes use of a Monte Carlo
(MC) method taking into account allfects relevant for the Kerr
metric (Niedzwiecki 2005; see also Niedzwiecki & Zdzkir2006
and X10). The seed photons are generated from synchrotrebn an
bremsstrahlung radial emissivities of the flow, taking iateount
the vertical profile of the density; their transfer and egeggins in
consecutive scatterings arffexcted by both the special relativistic
(SR) and gravitationalféects.

The MC Comptonization simulation and the solution of struc-
ture equations are treated separately in our model. Therefce
must iterate between their results to find a mutually coestsso-
lution. In principle, a full set of hydrodynamical equatfoshould
be solved after each MC simulation, as in X10. However, irctive
rent study we apply a slightly simplified procedure, motahby
the fact that the structure of the flow is fully determined bg ton
energy equation (this condition is, however, satisfied amithin
the innermost several hundr&y, see below), while the electron
energy equation determines the electron temperature. rUndé
conditions, our procedure of refining the description of @tmn
cooling should fiect only the electron temperature and not the
other flow parameters (the ion temperature, the densityheight
scale and the velocity field). Then, we first solve the dynainic
structure with a local approximation of Compton cooling dinen
we iterate between the MC Comptonization results and the- sol

Qint =

We define the compressive heating rate of electrons per unit tions of the electron energy equation, keeping the flow patars,

area (in the local reference frame) of the flow,

except forTe, unchanged. After each MC simulation, we determine
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Figure 1. Comparison between initial and final solutions in modelsiwit = 2x 100, andm = 0.1. Panels (a—d) show the electron heating and cooling rates
for the initial (a,c) and final (b,d) solutiong denotes a vertically integrated rate, @B gives coolingheating rates (per unit volume) times volume. The upper
(a,b) and lower (c,d) panels are far= 0.998 anda = 0, respectively. The short dashed curves show the synohr@tnagenta online) and bremsstrahlung
(green) emissivities. The dot-dashed (black) curves sihenCoulomb rateAie. The long dashed (red) curves show tifkeetive heating rate of electrons,
Aje — Qaav- The dotted (cyan) curves show the compressive heating/Xagp- The solid (blue) curves show the global Compton cooling,@tompt. The
dotted (orange) curves in panels (a,c) show the Comptoringpaite in the local slab approximatio@comptioc. Panel (e) shows the ion (upper curves) and
electron (lower curves) temperatures. The solid (black) deshed (red) curves correspond to our final, self-comsis@ution fora = 0.998 anda = 0,
respectively T; shown here is for both the initial and final solution); thetddt(black,a = 0.998) and dot-dashed (red,= 0) curves shovl for the initial
solutions. Panel (f) shows the dissipative heating rat@s {upper curves) and the Coulomb rate between ions anglogle¢lower curves) foa = 0.998

(solid, black curves) and = 0 (dashed, red).

the radially-dependent Compton cooling. We then use thésta
solve the energy equatiofl (3), taking into account the digere
of all relevant processes (synchrotron and bremsstratdomigsivi-

ties, Coulomb exchange rate, advective terms)oiWe repeat the
above procedure until it converges.

For the initial solution, the outer boundary of the flow is set
atr = 2x 10* (see section 2.4 in Manmoto 2000 for details). The
MC simulations are performed with the outer boundary of the fl
atroye = 1000, using of the hydrodynamical solutionrak roy;
note that details of this innermost part of the solution $thaot
depend on the outer boundary condition (see e.g. fig. 5 inydara
Kato & Honma 1997). For our final solution, we balance the-elec
tron energy equation up to~ 700. Due to boundaryfiects in MC
simulation, combined with strong sensitivity of the adwezterm
on the temperature gradient, the solution is very unstable ag,:.
Furthermore, we note that the assumption underlying oupciban
tional procedure fails in these outer regions. All our fir@lsons
are characterised by a larger electron temperature (tjpiog a
factor of ~ 3 atr <ry,) than the initial solutions and the electron
pressure should give a non-negligible contribution beysexeral

effect is not taken into account here; we expect it to be a rather
minor, <10 per cent, fect - such a change ¢f/R was found,

in response to a similar in magnitude (but opposite) charige,0
in X10. For one set of parameters, namdly= 10 Mg, m = 0.5
anda = 0, T, approached; atr ~ 1000, so the flow loses a two-
temperature structure. We skip here more careful investigaf
the outer region because it gives a negligible contributmithe
observed radiation. Furthermore, a detailed study of theraoe-
gion should involve a proper description of additional, ppan-
derstood #ects (like a mechanism of transition from an optically
thick disc to a tenuous flow; e.g., in hard states such a transi
is likely to occur atr < 1000) which are beyond the scope of this

paper.

3 RESULTS

Figs[d and® show the change of the heating and cooling ratds, a
the electron temperature, between our initial and final temis.
Figs[3 and# show the remaining parameters of the flow - these

hundredRy. In that region, the scale-height should increase, which are assumed to be the same in the initial and final solutiores. W
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Figure 2. Same as in Fig. 1 but favl = 10 Mg andm = 0.5.

can clearly see how the value of the spin parametesffects the
flow properties. Rotation of the black hole stabilizes thewdar
motion of the innermost part of the flow (affect directly related
with properties of test particle motion, analogous to thé-kgown
dependence of the innermost stable orbitadn Keplerian discs)
which yields a higher density (through the continuity eguat
This, in turn, implies both a stronger Coulomb coupling (Sigs{1f
and2f) and a larger optical depth (see Fips 3a[@nd 4a) in tie-in
most region in models with = 0.998. On the other hand, heating
by the compression work is typically stronger than, or corapke
to, heating by the Coulomb energy transfer from ions (cf. Nak
mura et al. 1997, Mahadevan & Quataert 1997), whibot partly
reduces the dierences between the high and lawnodels. These
effects, and their impact on the radiative properties of the, ffoes
discussed in detail below.

Figd1(f) and2(f) show also the dissipative heating ratensj
Quiss The stabilized rotation results in a much stronger dissipa
heating in the inner region fa = 0.998, however, this property is
rather unimportant forféects investigated in this paper (heglecting
both the direct heating of electrons and hadronic procgsses

3.1 Initial solutions

We discuss here in some details the initial solutions aljhahey
are not self-consistent, because most of models availabiera-
ture use the same local approximation for ComptonizatiooreM
over, we amend some conclusions regarding the accuracyalf lo
approximations, derived previously in X10. We find the &lio-
lutions using the prescription for the Compton cooling iate slab
geometry with initial photon energies of 1 eV, given in Derreé

al. (1991; hereafter D91). In X10, we found that it gives ssmea
ably good approximation for the innermost region. For thelel®
considered here, the slab approximation appears to bedessate,
however, our choice of the slab case allows for a direct coispa
with previous studies, a number of which used the slab approx
mation based on D91, or its modification introduced in Esialet
(1996).

Figs(a,c) an12(a,c) show the heating and cooling rates in
the initial solution. Comptonization of synchrotron phagas the
most dficient radiative cooling process. However, the synchrotron
emissivity decreases rapidly beyond its transition radiyg~ 20
for m = 0.1 and~ 100 form = 0.5). Then, in the local model,
the radiative cooling at > rs is dominated by the (much weaker)
bremsstrahlung and its Comptonization. Then, two regi@amshe
distinguished in terms of thelectron energy equatiofions are al-
ways advection dominated). (i) At> rs, the flow is adiabatically
compressed, which is reflected in the increasg.afith decreasing
r (see Fig§lle arid 2e); both the radiative cooling and the @Guulo
heating are much weaker than the advective terms. (ii)Ats, the
radiative cooling becomesdtizient andT, decreases; the Coulomb
heating is more féicient in this region and it exceeds the compres-
sion work in the innermost part (except for the model vtk 0O
andm = 0.1). In this region, the advection of the internal energy
contributes also to the heating of electrons, however, dffiet is
rather weak.

The solid curves in Fidsl 1(a,c) ahbl 2(a,c) show the GR global
Compton cooling rate obtained in our initial MC simulatipns.
with the T, satisfying the energy equatiofl (3) with the Compton
cooling rate,Qcomptioc, given by the local slab (D91) prescription.
As we can see, there are significant deviations between ta lo
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Figure 3. The radial profiles of hot flow parameters figr = 2 x 108 Mo andm = 0.1. In all panels the solid (black online) and dashed (redyesiare for
a = 0.998 anda = 0, respectively. (a) The vertical optical depth,= ne(r, 0)orH(r/2)°2. (b) The ratio of the scale height to the radius. (c) The attiaiu
velocity. (d) The radial velocity. These parameters aremened in our initial (i.e., with the local slab approxineat) solutions and are assumed to be the

same in the final solutions.
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Figure 4. Same as in Fig. 3 but fa"l = 10 Mg andm = 0.5.

(dotted curves) and global cooling rates, resulting frowess ef-
fects. Two of thesefeects should be generic to models of black-
hole flows regardless of specific values of parameters of the fl
First, the input of seed photons from the inner region stiorg-
hances the Compton cooling beyond The second one involves
the presence of the event horizon (neglected in the locabapp
mation). The presence of an inner boundary of the flow at thatev
horizon results in an obvious féierence with respect to the semi-
infinite slab; namely, a large fraction of photons generatethe
innermost region is captured, reducing the input of seediqpiso

Another dfect dfecting the structure of the flow is the depen-
dence of the optical depth from a given point on directionisTh

geometry overestimates the initial cooling rate in all nisdmn-
sidered here.

Finally, the D91 formula is accurate for only two values of
seed photon energies, 1 eV and 1 keV, and we use here the lower
one. With this value, the formula gives a reasonable appration
for flows around a stellar black hole, where seed photons érase
gies > 1 eV. For flows around a supermassive black hole, however,
with typical seed photon energies of 2@V (for M = 2x 10° M),
it underestimates the cooling rate. Specifically, for tisve found
deviations by a factor of 3 between the formula of D91 for 1
eV and the results of odocal slab MC simulation using the exact
energy distribution of seed photons (given by the synchroémd
bremsstrahlung emission distributions; see X10 for therifgton

strongly depends on the flow parameters and assumptions abouof our local MC model).

heating and outflow. In particular, the flows for our paramsete
have the optical depth from a point in the equatorial plamagl
the outward radial direction; ¢, Similar to the vertical oner;, at
anyr, whereasr; oyt > 7, in the model of X10. Furthermore, for
a = 0.998, bothr, s andr, are much smaller than the optical depth
in the inward radial directiorr, jn, except for the very innermost re-
gion; in these models; i, ~ 7.y (= 0.2 for m = 0.1 and= 1 for

m = 0.5) atr ~ 2. Fora = 0, 7yjn = Trou (= 0.05 form = 0.1
and= 0.3 for m = 0.5) atr ~ 10; in these models the fiérence
betweenrr, i, andr, o typically does not exceed a factor of 2. Then,
for a non-rotating black hole, the local radiative propstiwould
be more accurately described by the spherical geometrye \iidri

a rapidly rotating black hole the local properties are imtediate
between the sphere and the slab. Then, the assumption dathe s

© 2011 RAS, MNRASDOO, [THI1

3.2 Self-consistent solutions

The initial solutions are qualitatively similar at both wak ofm
considered here, the most significant dependencgiomolves the
increase of the value af with increasingm. In contrary, detailed
properties of the self-consistent, final solutions are nsemsitive
tom.

Figs[d(b,d) show the heating and cooling rates of the final so-
lutions form = 0.1. Atr > 10, a significant fraction of the power
heating electrons is stored as their internal energy ratfeer ra-
diated away. This is qualitatively similar to the initiallstion, al-
though Qa4 is larger atr > 10 in the global cooling model and
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Figure 5. (a) The angle-averaged spectra from the MC simulationshfer t
initial (thinner curves) and final (thicker curves) solusoin models with

M = 2x 10° Mg andm = 0.1. The solid (black) and dashed (red) curves
are fora = 0.998 anda = 0, respectively. (b) The angular dependence of
spectra for the final solution with = 0.998; the spectra from bottom to top
are forugps = 0.9-1, 0.5-0.6 and 0-0.1.

henceQ; is smaller than in the local cooling model; therefore, the
temperature gradient is smaller in the outer region in ow f0-
lutions (see discussion below). We note that the strongritanion

of the Qi term significantly complicates the procedure for find-
ing the self-consistent solution at this lowr as both the global
Compton cooling and the electron advection are stronglgitea

to, and #&ect, the electron temperature profile.

Fig.[d(e) shows the electron temperature profiles for the ini
tial and the final solutions. We see that, in the final solytibn
increases compared to the initial solution, by a factor<df5 in
the inner region, up to a factor of 3 at several hundRgd The
increase off. atr < 20 is an obvious feect, related with the over-
estimation of the cooling rate by the slab approximatiomisimed
with - crucial in that region - capturing of seed photons bg/tthack
hole, as discussed in Sect[on]3.1. Somewhat surprisitigyglobal
solution requires highef, also atr > 20, where the global radia-
tive cooling is significantly enhanced. The temperature tmes
main high in this outer region because the energy balandd coti
be achieved foff, decreasing too rapidly. Namely, we found that
such a (too rapid) decrease of temperatune:at20 would yield a
large positiveQ;; term in the electron energy equatidn (3), which,
added to the (increased in global coolir@)q term, could not be
balanced by the heating terms. We emphasise that this pyaper
related to strong contribution of advective terms and ituthmot
necessarily occur in the whole range of parameters, inquéati at
higher accretion rates.

Form = 0.5 (Fig.[2), the self-consisteri is higher in the
innermost part thaif, in the initial solution, due to the same rea-
sons as fom = 0.1. However, the Compton cooling is relatively
more important in the outer region, which results in an appro
mately isothermal structure at> 4; in particular, we do not find a
local maximum ofT,, marking the transition (at rs) from an adi-
abatically compressed flow to affieiently cooled flow in global
solutions withm = 0.1 and in all our local solutions. The temper-

ature at which the energy balance is achieved is twice lower f
a = 0.998, due to a much larger input of seed photons from the
central region.

The strong contribution of the compressive heating has cru-
cial consequences for the radiativigency,7 = L/Mc?, where
L is the total observed luminosity of the flow, and for its sogli
with m. We compare here our models with the saafer differ-
ent m, although we note that they have alsdfglientM, which
may slightly dfect such a comparison (the main dependence on the
value of M concerns the energy of synchrotron photons, influenc-
ing the cooling rate). Comparing our resultsfoe="0.1 and 0.5, we
find that the fraction of an accretion power transferred éztebns
via Coulomb collisions varies approximately la@mt/l\'/lc2 o« m
for a = 0.998 and fora = 0 we note even stronger dependence
on m. Then, heating dominated by the Coulomb coupling would
lead to an approximately linear scaling of the radiatiffecency
with m, as derived in previous works on this subject (see, e.g.,
eg.(12) and references in Narayan & McClintock 2008). Havev
Acompmt/l\'/lc2 is much less dependent, moreover negativelyypn -
specifically, it is higher by a factor o 3 for m = 0.1 than for
m = 0.5. As a result, the dependence mpbn m is significantly
reduced.

Fora = 0, Acompitot > Ajegot atm=0.1 andAcompttotzAie,tot
atm = 0.5. The decrease ®compiot/ Mc2 with increasingmis par-
tially balanced by the increased contribution of Coulombtimey.
Two further dfects decrease the radiatii@i@ency at lowem: (1)
the increase of the fraction of the energy given to electvanish is
not radiated away (and increases the internal energy astvedth
the flow), and (2) the increase of the fraction of photonswagot by
the black hole (Sectidn3.3.3). As a result, the radiatifieiency
for a = 0 is approximately the same for both considered values of
m. More specificallyy; ~ 0.0042 (withL = 1.1 x 10* erg s* and
L/Lg = 4.2x 10 for m= 0.1 andy ~ 0.0045 L = 29x 1C0*%erg
standL/Lg = 23x 108 for m= 0.5.

Fora = 0.998, Ajetor €XCEEUSAcompror At bothm = 0.1 and
0.5. Radiative fificiencies at thesen differ only by a factor of 2,
due to relatively stronger contribution of compressivetimegat
m = 0.1 and very strong reduction of the obsentelly GR dfects
(Sectior 3:3RB) am'= 0.5. Specifically, form = 0.1, 5 ~ 0.0078
(L =2x10%ergstandL/Lg = 7.8 x 10%) and form = 0.5,
n~ 0016 L = 1.1x 10 erg st andL/Lg = 83 x 107%). We
note that fora = 0.998 the apparent luminosity depends @ps,
see Sectioh 3.3.4, and the above valuek afe averaged over all
viewing angles.

FigdB(a) an@6(a) show the angle-averaged spectra forithe in
tial and final solution. In all models the normalization of $pectra
of the final solution is much higher than that of the initiallgimn,
due to the increase of the synchrotron emissivity resuftiog the
increase ofl.. The X-ray spectra are relatively hard, with the pho-
ton indexI" ~ 1.6, for both f = 0.1, a = 0.998) and (i = 0.5,

a = 0) andl' ~ 1.5 for (M = 0.5, a = 0.998); the last value is
determined in the 2-10 keV range, as at higher energies arrath
pronounced Wien peak leads to further hardening of the spact
For (m= 0.1, a = 0), the relativisticT, and small optical depth re-
sult in pronounced scattering bumps seen in this model mpagt
the average slope in the 2-200 keV rangd&iss 1.7. Thus, we
see that the spectra harden with the increasing lumindsityn in-
creasing from 0.1 to 0.5, from ~ 1.7 to~ 1.6 ata = 0 and from
I'~16to~ 15 ata= 0.998.

In all models, théELg spectra have the maxima at several hun-
dred keV. The electron temperature reaches the maximuresalu
~ 1 MeV for m = 0.1 and~ 400 keV form = 0.5.

© 2011 RAS, MNRASOOO,[THI1



1036

1035

VL, [erg/s]

1034

T T
—

FREETIN RN 1

b/
7Y A
b

=

o
W
>3

VL, [erg/s]

= =
o (=)
W ©w
2 &

LA B L) S A AL B AL

1016 1017 1018 1019 1020 1021
v [Hz]

1014 1015

Figure 6. Same as in Fid.]5 but favl = 10 Mg andm = 0.5.

Note, however, that although these flows produce photors wit
energies> mec?, we do not expect anflicient & pair production
in photon-photon collisions. The probability thayaay produces
a pair is approximately given by the compactness parameter f
this process{(R) = Lxro,,/(4mmeC?R), WhereLyr is the radiative
power in photons witfE > 10 keV produced withiR. Itis < 1
for all Rin all models except fom'= 0.5 anda = 0.998, where
¢> 1 in the innermost fewR;. The same conclusion was reached
in previous studies of pair equilibria in advection-dontethflows
(e.g. Esin 1999) where additional pair creation processasely
electron-electron and photon-particle collisions, welso daaken
into account.

3.3 Hfects of black hole rotation

The nature of the space-time metric (specified by the valug of
affects the radiative properties of hot flows through varidiscs.

As noted above, the stabilized circular motion results inwcimn
larger density in the innermost region in models with laag&his
affects the radiativeficiency in a manner discussed in Secfiod 3.2;
here we restate some of these results with the emphasis alethe
pendence om. Two further dfects, discussed in Sections 3]3.3—
B34, concern the properties of photon motion in curvectaspa
time.

3.3.1 Heating

Higher density implies a stronger Coulomb coupling for &agg
Fora = 0, Ajetot is smaller than foa = 0.998 by a factor of 200
and 35 form = 0.1 and 0.5, respectively. Theftérence between
the heating of electrons for high and laavis, however, strongly
reduced by the highfgciency of compression, which shows very
weak dependence on the valueaofhen, the total heatin@ye ot +
Acomprtot, 1S higher in models witla = 0.998 only by a factor of 3.5
(= 0.1) and 16 (i = 0.5). Extrapolating our results we can expect
that atm < 0.1 the diference between the heatinfiigencies in
high and lowa models vanishes.

© 2011 RAS, MNRASDOO, [THI1
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On the other hand, a much largeffdrence between the heat-
ing rates for large and small valuesaodould be expected in models
involving the direct transfer of the dissipated energy &cebns;
compareAie andAcompr With Qgiss Shown in Fig§TL(f) anBl2(f).

3.3.2 Optical depth

Higher density implies also a larger optical depth for laag€&€hen,
despite a stronger heating in these models, the energydsalan
the innermost region is achieved at smaller electron teatpers
than for smalla. On the hand, the highlyfigcient Comptonization
occurs at very small, therefore, a much more centrally concen-
trated emissivity of Comptonized radiation is achieved iodels
with a = 0.998 and theobserveduminosity is subject to stronger
reduction by GR fects, discussed below.

3.3.3 Collimation and capturing of radiation

Different velocity fields result in a filerent strength of collima-
tion toward the black hole horizon. In principle, largerued of
[V'| imply a stronger collimation foa = 0, which could give rise
to a larger fraction of photons being captured by the bladk.ho
However, the radiation is produced, on average, at a snraltial
distance foma = 0.998 and, therefore, the reduction of the observed
luminosity due to GR fects, including the photon capture and the
gravitational redshift, turns out to be larger in that caSpecif-
ically, in models witha = 0.998, L/Qaqtet ® 0.2 for m = 0.5
and 0.3 form = 0.1; the large reduction fom = 0.5 results from

7 > 1 (and trapping of photons) in the central region. Bot 0,
L/Qradtot = 0.7 (for m = 0.1) and 0.9 (fomi = 0.5; in this case the
emissivity profile is flatter).

3.3.4 Intrinsic anisotropy

For higha, effects unique for the Kerr metric, i.e. bending of photon
trajectories to the equatorial plane combined with a depecel of
the gravitational shift of energy on the direction of phoamtape,
result in an intrinsic anisotropy of radiation producedhivitthe
innermost fewRy (see Piran & Shaham 1977, Niedzwiecki 2005).
The Comptonized component from that region is softer (ias. &
larger spectral index and a smaller ctif-energy) and has a smaller
normalization when observed at a smaligys. The gravitational
effects, underlying this property, are strong only withiRy4then,
the magnitude of the anisotropy in the total spectrum depemd
the proportion between contributions from the innermost tire
surrounding (beyondR,) regions.

Figs[@(b) and16(b) show th&,-dependence of the observed
spectra in our models with = 0.998 (in models witha = 0 the
dependence of,s is negligible). As we can see, the spectra in-
deed show some anisotropy but théeet is relatively moderate.
Form = 0.1, the total flux emitted face-omd,s = 0.9-1) and edge-
on (uobs = 0-0.1) corresponds to the isotropic luminosity of 1
and 3x 10® erg s?, respectively. In this model the compressive
heating results in a rather flat emissivity profile, then, ingxof
relatively weak contribution fromn < 4 with radiation produced
at more distant regions washes out the anisotropic pregeffor
m = 0.5, the face-on and edge-on fluxes correspond Go<GL0*®
erg st and 15 x 10* erg s, respectively. In this model, the emis-
sivity is strongly centrally concentrated; however, théag depth
of the inner region is large and a large fraction of photomsipced
there get reprocessed at larger distances or capturedttiihthe
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spectral indices dlier by AT’ <0.1 between a face-on and an edge-
on observer.

We expect that a much larger anisotropy would be produced in
a model with moderatm (yieldingr < 1) and strong direct heating
of electrons (giving a very centrally concentrated emiggiv

3.4 Comparison with previous works

Most of the specific properties discussed in this paper haes b
studied in previous works. However, their quantitative aripnce
could not be assessed properly as neither of previous stadie
sidered consistently all relevanfects.

The solution of a hot-flow structure based on a self-similar
model (e.g., Narayan & Yi 1995) is commonly used due to its rel
ative simplicity. However, this simple solution introdscmaccu-
racies of up to an order of magnitude even for the basic flow pa-
rameters (e.g., the density given by eq. 1 in Mahadevan & &guiat
(1997) is~ 10 times larger than the density in our solutions), which
leads to further inaccuracies in papers based on this medgelwe
find that compressive heating dominates over Coulomb lgeatin
much higher accretion rates than the critical value giveadpy(35)
in Mahadevan & Quataert (1997).

Gammie & Popham (1998) and Popham & Gammie (1998)
presented an extensive study of various aspects of GR hyuiaat
ical description of a flow in the Kerr metric and they show ttegt
black hole spin has a largéfect on the velocity field, density and
temperature of the flow (in ways also discussed in the prgsent
per); however, their study neglected radiative processesa, more
detailed impact on the observed spectrum could not be éstiabl

Manmoto, Mineshige & Kusunose (1997) included an ex-
plicit description of radiative processes with local apgneation of
Compton cooling in a pseudo-relativistic model. The sameeho
including outflows and direct electron heating was used bgnYu
et al. (2003, 2005). Then, Manmoto (2000) improved such fisode
by including a fully GR treatment of the hydrodynamical eses
(but still with local approximation of Compton cooling). Wave
fully reproduced their results in our initial solutionsgtaccuracy
of these models is directly illustrated by comparison of initral
and final (global) solutions.

Finally, we compare our results with the pseudo-relaiiwist
model of X10. First, we note that models based on the pseudo-
Newtonian potential fail to properly describe the innertragiion
even for thea = 0 case. Specifically, the pseudo-relativistic model
predicts a decrease of the optical depth at7 (see the dot-dashed
curve in fig. 2b in X10) while the fully GR model with the same
parameters (see our Fig. 3a) yields the optical depth maiuatiy
increasing with decreasing The reason for this discrepancy can
be traced to the (unphysically) large radial velocity in fseudo-
relativistic model, formally exceedingat smallr, which implies a
much smaller density than that in the GR model.

Second, additionalfgects included in X10, namely the strong
outflow and direct viscous heating of electrofieat the flow struc-
ture in a complex manner and lead to a qualitativefjedent éfect
of taking into account the global nature of the Comptonaatiro-
cess. Obviously, the outflow leads to a reductiorroét smallr.
Thereforer, is much smaller, by a factor of 10 atr < 10, in the
model of X10 than in our present model wigh= 0 andm = 0.5
(which parameters are the same as those in X10). Then, aowutfl
reduces the compressive heating of ions via reducing thsitglen
gradient, and the direct heating of the electrons redueegisicous
heating of ions. Also, an outflow reduces the viscous heatitey
per unit volume, flattening its radial profile, but the vissceat-

ing rate per ion remains unchanged. We note that the coniygess
heating of ions exceeds their viscous heating in our modeld it
is much larger, by a factor df;/T,, than the compressive heating
of electrons. Together, both reductions of the ion heatengse a
reduction ofT;, which, in turn, leads to a significant decrease of
H/R (compare our Fid.]4b with fig. 3b in X10). As a result, in spite
of the strong mass loss to the outflow, the togalial optical depth
in the model of X10 is still higher than that in our model wéth: 0
andm = 0.5. Also, the radial optical depth of X10 is much larger
thant;; then, the geometry of the flow resembles that of a slab.
Third, comparing the radiativeffeciencies of the X10 model
and the present one with= 0, m = 0.5 illustrates the strong impact
of the direct heating of electrons. Namely, in X10 the valtig &
three times larger, although most of the potential energh®flow
is lost to the outflow in their model.

4 COMPARISON WITH OBSERVATIONS
4.1 FR Iradio galaxies

A substantial observational evidence indicates that siocrlows
typically proceed through a radiatively-ificient mode below a
characteristic luminosity of 0.01Lg in AGNs (e.g., Ho 2008; see
Yuan 2007 for a review on the applications of hot flow models to
low luminosity AGNs). FR | radio galaxies make an interegtin
class of objects observed at such luminosities. They do maw s
signs of the presence of optically thick accretion disc.(eQdi-
aberge, Capetti & Celotti 1999). Remarkably, an averagatiad
efficiency,n < 0.005, estimated for FR Is by Balmaverde, Baldi &
Capetti (2008) is consistent with the valuespobbtained in most
of our solutions.

According to our results, hot flows with relevant accretion
rates should produce rather hard spectra, extending to MeY: e
gies. Then, MeV observations are crucial for verificatiorethier
the high energy component is produced by the thermal Comp-
tonization in a hot flow; however, the present data qualityhis
energy range is too poor for most objects to allow for sucHyana
sis.

Thanks to its proximity, Centaurus A is the best studied FR |
radio galaxy, suitable for detailed testing of various ation mod-
els through modelling of its broadband spectrum. Its X-tayit
nosity (Lz_10/Le = 6 x 10°%, see below, wher&,_,o is the 2-10
keV luminosity) satisfies the criterion, suggested in Wuaryi&
Cao (2007), for a FR | galaxy to be dominated by a hot flow rather
than a jet emission, df, 10> 5 x 1075Lg. Indeed, many works at-
tributed its spectral components to emission from acanefliow
(e.g. Evans et al. 2004; Whysong & Antonucci 2004; Meisemiegi
et al. 2007) although they can also be explained in termg aigel-
els (e.g. Abdo et al. 2010). Below we briefly compare predieti
of our model with the observed properties of the X-ray erissn
Cen A.

(i) Luminosity. Over the last decade, Cen A was typicallyevsd
with the unabsorbed luminosity &f,_1o ~ 5 x 10" erg s (e.g.
Evans et al. 2004, Markowitz et al. 2007). Our model witk 0.1
anda = 0.998 givesL, 19 = 1.4 x 10* erg s (assumingops =
50°), which is approximately consistent with the average oleskr
L,_10 taking into account recent estimates of its black-hole réss
~ 6 x 10’ Mg (e.g. Haring-Neumayer et al. 2006), which~is3
times smaller that assumed in our model. Also fon = 0.1 and

a = 0 we get a roughly consistehp_;o = 10*? erg s.

(ii) Spectral index. The time-averaged spectral index ef Xaray

© 2011 RAS, MNRASOOO,[THI1
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emission isl’” ~ 1.7-1.8 (Beckmann et al. 2011, Rothschild et al. 2008), and thus it is possible that the ctit-energy is at-500 keV
2011). The model spectrum far= 0.998 is slightly harderl” ~ in some lowk hard states.
1.6. The average slope fa = 0 is roughly consistent with the
observed one, but this model spectrum has pronounced riogtte
bumps, which have not been observed in Cen A.
(iii) High energy cut-@f. Cen A is the only FR | galaxy with data
_at MeV energies. Steinle et al. (1998) have found a spectealkd the spectra soften with the decreasinge.g., Corbel et al. 2004;
inthel’ ~ 1.7-1.8 spectrum at150 keV. Another power law spec- ; . . .

Zdziarski et al. 2004; Wu & Gu 2008; Sobolewska et al. 2011).
tral component was found above the break up to the MeV range.
Grandi et al. (2003) and Beckmann et al. (2011) fitted the Mard As pointed out by Sobolewska et al. (2011), this indicates a
ray spectra by an e-folded power law and found e-foldinggieer change in the physical nature of the X-ray source at a luritinos
of ~500 keV, which is roughly compatible with the break energy of of a fraction of a per cent. Those authors discuss two saeari
~150 keV. Rothschild et al. measured the power law spectrum up explaining this change. One is that the emission is domihhte
to 200 keV, within which energy range there was no indicatan an accretion flow at high, and by a nonthermal jet radiation (most
a break or cut-fi. likely synchrotron) at low.. This scenario for the black-hole binary
(iv) Variability. The spectral index remains roughly unoged XTE J1550-564 is discussed by Russell et al. (2010), whodioun
while L,_;o varies by a factor of 3 (Rothschild et al. 2011). In our  the near-infrargptical (~ 10*° Hz) emission is tightly correlated

The value of the X-ray photon index shows a negative corre-
lation with the luminosity in luminous hard states of blduide bi-
naries, al. > 0.01L¢ or so, i.e., the spectra soften with the increas-
ing L. However, the correlation changes its sign at loywhere

model, changes df,_;o can be attributed to changes of a fe\ffeli- with X-rays at lowL, but not at high_. A potential problem for this
ent parameters, namely, the strength of the magnetic fleddrac- model is presented by the fact that basically the shrfiecorrela-
tion of accretion power directly heating electrons or theretion tion, negative at lovl./Lg and positive at higlh./Lg is observed in
rate. The results of our current study allow us to assessefidgts AGNSs. The transition is dt/Lg ~ 0.01 or so, about the same as in
related to changing of {(which case is most commonly considered black-hole binaries (e.g., Gu & Cao 2009; Constantin etG092.

as the explanation of luminosity variations), and we not the The magnetic field in jets in black-hole sources is expedetale
model predicts a small change of the photon indexAby=~ 0.1, asB « M~Y2 (e.g., Heinz & Sunyaev 2003), which (since the cy-
corresponding to the changelofLe by a factor 10. This appearsto  clotron frequency isx B) very strongly &ects the jet emission,
be compatible with the reported spectral variability withi~ 1.7— leading, in particular, to the strong mass dependence oktthtve
1.8 only. strength of the jet emission at a given frequency (Merlorgind

In summary, our model can reproduce most of the properties & Di Matteo 2003). Thus, it appears highly unlikely that thera§
of the X-ray emission in Cen A. However, it is inconsistenthwi  jet emission would start to dominate the accretion-flow siuis
the relatively low observed value of the break energy @00 keV. below about the same Eddington ratio in both black-hole rigsa
Furthermore, the = 0.998 model predicts a slightly harder spec- and AGNs.
trum than that observed. However, an additional procesg;hwh
would lead to a softening of the spectrum and a decrease of the
cut-of energy, has to be included in the model wih~ 1.
Namely, an éicient nonthermal synchrotron emission from rela-
tivistic €, coming from the decay of charged pions copiously pro-
duced through proton-proton collisions in a flow around adigp
rotating black hole, wher€; > 10" K, would provide a strong seed
photon input in addition to the thermal synchrotron emisskbow-
ever, we leave a more detailed comparison of the spectrum o
served from Cen A with the hot flow model spectra to a futureavor
in which we will take into account the relevant hadronic meses.

The second possibility explaining the form of thd" corre-
lation discussed by Sobolewska et al. (2011) is that it is tdue
change of the character of the dominant seed photons for Comp
tonization. At highL, above the transitioh/Lg, the seed photons
are likely to be from an optically-thick disc overlappingtwihe hot
flow. There is a lot of observational evidence for the presefa@n
outer cold disc in luminous hard states (as summarized byePon
b_Gierliﬁski & Kubota 2007), e.g., a strong correlation ofwith

the relative strength of Compton reflection (Zdziarski, ihshi &

Smith 1999). Also, the inner disc radius decreases withrtbieas-

ing L (e.g., Done et al. 2007). This naturally explains the pasiti

L-T" correlation, since the resulting increasing overlap betwine

cold disc and the hot flow leads to both an increase of thegttren
4.2 Hard spectral states of Compton reflection and increased cooling of the Comptogiz
plasma, resulting in softening of the X-ray spectra. Howeatdow
L/Lg, the outer disc may be truncated far away, and the dominant
source of seed photons for Comptonization becomes symohrot
emission, as in the models studied in this work as well as én th
ADAF model in general (Narayan & Yi 1995). This model can also
explain the correlation of the X-rays with the near-infdioptical
2004), as measured by the position of the spectral turnovEFE ggslfilgogé.‘/vhmh' in this scenario, would be from the ADAF flow
spectra.

Thus, the X-ray slope of our model spectfar 1.5-1.7, is As shown in Sectiof3l2, our models spectra do harden with
in the range of the observed values. On the other hand, tle hig the increasind., with AT' ~ —0.1 for L increasing by a factor of
energy turnovers in our spectra are~ab00 keV, which is higher several. This strongly supports the suggestion of Sobéiewtal.

Black-hole binaries in the hard spectral state have typicehy
photon spectra (measured typically in the 3—10 keV rangé) of
1.5-2 (e.g., Zdziarski & Gierlihski 2004; McClintock & Rerfatd
2006). In luminous spectral statdsy 0.01Lg or so, the high en-
ergy cut-dfs in those spectra occur at energieS0-200 keV (e.qg.,
Grove et al. 1998; Wardzifiski et al. 2002; Zdziarski & Gigski

than the values observed. However, our models halte ~ (0.4— (2011) that the negativie-T" correlation seen dt/Lg <0.01 is due
8) x 1073, which is lower thanL/Lg at which most of the spec-  tothe dominance of synchrotron seed photons in that redimtleis
tral cut-dfs have been measured. When measured, theftereo work, we have considered only two values of the accretion eatd

ergy has been found to increase with the decreasing luntynosi have not fully tested this model against observational. dafeawill
(Wardzifski et al. 2002; Yamaoka et al. 2006; Miyakawa et al consider this issue in detail in a paper in preparation.
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5 CONCLUSIONS

We have developed a fully GR model with global Compton scat-
tering of hot, tenuous accretion flows. The dominant soufseed
photons in our model is the synchrotron process. We assuaharth
outer, optically-thick, accretion disc is truncated ag&aradii, so ir-
radiation of the hot flow by it is negligible. We have also resgéd
direct viscous electron heating and outflows. We have censitl
the accretion rates ah = 0.1 and 0.5, for which our model gives
the bolometric luminosities df/Lg ~ (0.4-8)x 1072,

In this range ol /Lg, we find our models predict X-ray spec-
tra hardening with increasing, which is in agreement with the
correlation observed at/Lg <0.01 in both black-hole binaries in
the hard state and AGNs. This is also in agreement with the sug
gestion of Sobolewska et al. (2011) that synchrotron seetbpk
dominate in this range df/Lg, whereas an optically-thick accre-
tion disc overlapping with the hot flow provide dominant szmiof
seed photons at highér

We have compared our models to the lovi=R | radio galaxy

Cen A. We have found a good agreement with the observed X-

ray spectral slope, but the position of the high-energy lreh-
served at~200 keV, is lower than the model cuff@nergy. This
may be possibly explained by the hadronic processes, whiciow
be present if the black hole in this source has a high spin.

We have studied the impact of the black hole spin and we find
that despite a very strong influence of this parameter on yhe d
namical properties of the inner part of the flow, th&etience be-
tween the observed radiation from a flow surrounding a mabiyma
rotating and a non-rotating black hole, with other paramsetm-
changed, is rather moderate. In particular, their luminesidifer
only by a factor of 2—3 (i.e. smaller than a factoro6 in Keplerian
discs). We find this is due to a strong role of the compresdae e
tron heating, which process only weakly depends on the Hiabdk
spin. We note, however, that a much larger dependence ompithne s
value is expected in models involving direct heating of &tats,
or taking into account hadronic processes.

We stress that a proper treatment of global Compton saadteri
is crucial for accurate modeling of the flow structure, mogpor-
tantly, for the electron temperature profile, and for thectiaé for-
mation in optically thin flows. In models witm = 0.5, we find the
entire inner flow is ficiently cooled by Comptonization when the
non-local nature of this process is taken into accounmAt 0.1,
global Comptonization is important, but also electron atioe ef-
fects are strong at> 10, giving rise to large temperature gradients.
As compared to the results with the global Comptonizatitie, t
local model assuming a slab geometry provides in generatya ve
poor approximation, overestimating the cooling rate by meoof
magnitude in the innermost region.
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