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Abstract. We study the formation of the spectra in Advectiorection parametef (wheref = 1 means fully advective flow
Dominated Accretion Flows (ADAFs) around Kerr black holesvithout any cooling) is investigated. This work shows rather
We use a Monte Carlo approach and fully general relativistitrong dependence of the flow characteristics on parameters
treatment to follow the paths of individual photons and modeientioned, especially on the black hole spin. The dependence
their scattering with mildly relativistic, thermal electrons of then advection parameter is also substantial, but for a narrow
two temperature plasma presentin the flow. We are mostly inteange of f, which can represent flows with negligible cooling
ested in the dependence of the spectra on the black hole ang{@ldar < f < 1) one can use th¢ = 1 solutions. Similarly, the
momentum, and we find that the influence of the black hat®lutions depend strongly on the viscosity parametdyut for
rotation rate on the flow structure has an impact on the resule limited range of this parameter ¢ 0.01), which is more
ing spectra. The flows around the fast rotating holes prodyaeysically relevant (Balbus et al. 1995), the differences between
relatively harder spectra. This property of the models shoultke solutions are not dramatic, in particular the topology of the
be taken into account when modeling the individual source®bars is the same.
and the population of inefficiently accreting black holes in the In our calculations we use the solutions of the equations de-
Universe. scribing the flow dynamics presented in Paper I. All our models
usef = 1 anda = 0.1. Both values are representative of the
Key words: accretion, accretion disks — black hole physics — rghysically relevant ADAFs. The black hole spin, we consider,
diation mechanisms: non-thermal — radiation mechanisms: thisrlimited to the three values (= 0, 0.5, and0.9).
mal The main purpose of this paper is a self-consistent treat-
ment of photon Comptonization in a two temperature plasma
of an ADAF solution. To do so we need a 3D distribution of
matter density, velocity and temperature, while the standard so-
lutions give only the vertically averaged quantities as measured

The Advection Dominated Accretion Flows (ADAFs) have beef the equator. At this point it is important to choose the relevant
reviewed by a number of authors, most recently by N arayanrggthod of vertical averaging and we follow Abramowicz et al.
al. (1998), Kato et al[(1998), and Lasofa (1998). The ADAK4997), Quataert & Narayan (1998) and Paper | in choosing
represent a class of optically thin solutions of the accretion flo@/€raging on spheres (and not on cylinders). In this approach
which radiate so inefficiently, that almost all the heat dissipatéte matter distribution in space is limited by the centrifugal
inside the fluid is subsequently advected toward the black hénsces barrier and does not resemble the infinite isothermal at-
horizon. Since the cooling of matter is negligible, the equatioRiosphere, obtained in the alternative approach.
of fluid dynamics are independent of the equations describing We calculate the spectrum of photons leaving the flow. The
the emission, absorption and scattering of radiation. This alloRR0tons originate in bremsstrahlung and thermal synchrotron
one to address these two topics separately. In this paper weRiReesses, which can be described locally. The scattering (if
concerned mostly with the radiation processes inside the flo@y) can take place at any point of the photon trajectory inside
The fully relativistic dynamics of ADAFs has been dematter distribution and is nonlocal. We simulate this process
scribed and some solutions have been obtained in Lasota (1998))9 Monte Carlo approach. Our simulation of photon Comp-
Abramowicz et al.[(1996, hereafter ACGL), Abramowicz et afonization is quite standard, but the flow, where the processes
(1997), Peitz & Appl[(1997), Jarosagki & Kurpiewski (1997, take place is rather complicated. Since the optical depth for
hereafter Paper |), Gammie & Popham (1998), and Poph&##ttering is low, a photon can travel to a distant part of the fluid
& Gammie [199B). The most extensive survey of the paran{@efore undergoing any interaction. The relative motion of the
ter space is probably presented by Popham & Garnimie (1gg‘gai,d elements, where consecutive interactions of photons with

where the dependence of the flow on the black hole gpine Matter take place, can be substantial. Also, the photons traveling
viscosity parametet, the gas adiabatic index and on the adP the densest parts of the flow, near the horizon, can be deflected

1. Introduction
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by the gravitational field. This and other relativistic effects iapproximation (Abramowicz et al. 1988). To describe the matter
photon motion are included in our study. distribution in space (also far from the equatorial plane) one has
The main aim of our investigation is the self-consistent treat introduce further specifications of the velocity and angular
ment of Comptonization. Most non-analytical thermal Compromentum distribution, since only the averaged values enter
tonization models use iterative methods of solving the kinetiice equations. We assume that the poloidal velocity component
equations (e.g. Poutanen & Svensson 1996). This method bdy is absent and that the radial velocity comporiémtepends
been adopted by Narayan et al. (1997) to calculate the spectiamthe radius only:
of soft X-ray transient source V404 Cyg in which, they believe 0
ADAF exists. In our calculations we use Monte Carlo method = V(1) v = (4)
which has been described in most detail by Pozdnyakov et(aﬁhe BL velocity component” depends o throughg,.. -
(1977) and Grecki & Wilczewski [1984). This method allowscompare Eq.3)
us to follow only one photon atatime and we are not able totake The choice of angular momentum distribution is less obvi-
into account the creation ef e~ pairs. However as Bnsson 5 Close to the horizon, where the velocities are highest and
et al. (1996) and Kusunose & Mineshide (1996) showed, thgssiple kinematic effects most important, the specific angu-
role of e*e™ pairs in ADAFs is not significant. lar momentunt = —u,/u; is approximately constant (Paper |,

In the next section we briefly characterize the model gfcc) Peitz & Appl [1997). We assunido be exactly constant
ADAF. The method of Monte Carlo Comptonization is pregp spheres:

sentedin Sect. 3. In Sect. 4 we present the results of calculations,
showing the ADAFs spectra. The discussion and conclusichs: ¢(r) (5)

follow in the last section. . . .
Since the metric components do depend tive angular velocity

o ) is not constant on spheres:
2. The 3D description of the fluid

g% + g%uy ¥t — Lg?

: 0= = 6
2.1. The accretion flow Py (6)
We investigate the stationary flow of matter and the propagati . . o . )
of light in the gravitational field of a rotating Kerr black hoIeIPHe other kinematic quantities are given as:
using the Boyer-Lindquist coordinatesy, r, 6 and the metric 1 )

componentg,(r, 8) as given by Bardeen (1973). We followthe' ~ V1= V2\/—gtt + 20gto — (2999
(—,+,+,+) signature convention. We use geometrical units,

so the speed of light = 1 and the mass of the holel = 1. ug = —lu, (8)

The Kerr parameter (0 < a < 1) gives the black hole angular ) )

momentum in geometrical units. We use the Einstein summation Ve assume that the accreting plasma contains small scale,
convention, where needed, and a semicolon for the covariiitropically tangled magnetic field resulting from magnetohy-
derivative. The normalization of four velocity with the chosefrodynamical instability (Balbus et al. 1895). Hence we write

metric signature readsu, = —1. the total pressure as
The system of equations we use follows in general ACGL. B2
Since we are neglecting the cooling processes at this stage, @Fdps + Pm Pz = 0P pm = — = (1 = B)p 9)

treat the accretion flow in the disk approximation, two compo- s

nents of velocity and the speed of sougdjiven as functions of Wherep, is the gas pressurg,, — the magnetic pressurs;, -
radius, fully describe the dynamics. We use the angular velocifie magnetic field, and is a constant parameter. The pressure,
Q and the physical radial velocity as measured by locally the rest mass densipy and the sound velocity are related:
nonrotating observers as main kinematic variables (compare 2 (10)
ACGL). After the vertical averagingthe velocity perpendic- 7S

ular to the equatorial plane is neglected (= 0) and other Inour calculations we use a two temperature plasma with a small

components of the four velocity are given as: amountof magnetic field to represent the matter properties. Thus
1 the ion pressure dominates, the gas is non-relativistic and the

ut = (1) specific enthalpy: is given as:

V1-V2 \/_gtt —20g:p — 2944 P PYLIS g

e+p 9 4
¢ _ t = =14+ —c (12)

u? = Qu 2 *# 00 978
u" 1 Vv 3) wheree is the total (rest mass plus thermal) energy density.

In the ADAF set of equations only the vertically averaged

VI 1=V
. sound speed is used. It is in spirit of our approximations to
The above velocity components have to be known only ﬁtt)stulate:

the equatorial plane and its close vicinity if one needs to obtain
a system of equations describing an ADAF in the slim disk = cs(r) (12)
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which means that the gas is isothermal on spheres. The electveraffected by them. Now we are going to model the radiation
temperaturel, is much lower than the ion temperature, so itsrocesses.
influence on the equation of state and the structure of the flow We assume that the whole energy dissipated is transferred
can be neglected. to the ions. The ions heat the electrons via Coulomb colli-
Our detailed (but approximate) description of the fluid kinesions and the electrons lose their energy by the synchrotron,
matics makes it possible to find the density dependence on iiemsstrahlung and inverse Compton cooling processes. In the
angular coordinatd. The set of equations describing ADAFADAFs thermalization time-scale greatly exceeds the dynam-
contains viscosity terms, which are included in the energy equeal time-scale and the plasma remains two temperature. We
tion, but neglected in the mechanical equilibrium equatiofied the electron and ion temperatur@s(r, 8) and Ti(r, ),
(ACGL, Peitz & Appl[1997, Paper I). Thus it is sufficient toself-consistently using the equation of state
use the ideal fluid energy momentum tensor:

_ o _ PKTL pkT,

Ty = (e + p)utu, + pof @) PO = 49
, —— _

Thed conservation equatioffy, = 0 reads: wherey; = 1.29 andu, = 1.18 are effective molecular weights

" —po of the ions and electrons, and the condition of thermal equilib-
Wl = T, A4 rium applied locally
After some algebra we obtain: ¢t =ap, F e a5 T ase (20)
1 1 V2 5 o o
Ty nus)e — 5T —m (In(r” +a”cos™0)) whereg™ is the rate of Coulomb heating of electrons by ions
2 (e.9. Mahadevah 1997y, and g, are the synchrotron and
= —;S(ln £0).0 (15) bremsstrahlung cooling rates, and. andg,,, - are the Comp-

ton cooling rate of synchrotron and bremsstrahlung photons,
SinceV does not depend ah the LHS of the equation is a full respectively.

gradient of a quantity which can be called a potentialThis The calculation of the synchrotron cooling rate is somewhat
implies the solution for the density: complicated because the optical depth to absorption (Self Syn-
chrotron Absorption) for majority of the synchrotron photons is
_ _1((0) — Yeq) high. | h hata ph ith
p0(0) = po.eq €Xp 5 (16) high. In our approach we assume that a photon can either escape
€3 from the medium carrying out its energy and taking part in cool-

where they q, 1eq denote the values measured at the equator{a Process, or be abso_rbeq very close to_the point o_f its original

plane. emission and not contributing to the cooling. In reality all pho-
The constant sound speed on the spheres may suggesttﬂfﬁt carry energy and some are absorped far from the emission

the exponential atmosphere never ends. For the rotating conRgint transferring energy to distant portions of the fluid. Our as-

uration there is, however, an infinite potential barrier close &/Mption neglects the heat transport between different volume

the rotation axis, where, — oo andp, — 0. Thus the vicinity €léments, but makes calculations doable. _

of the rotation axis is empty and the density falls steeply down To find the probability of a_pho?on escape from given loca-

near this region. In this respect the ADAF solutions are simil{Pn we follow N ~ .102 rays with directions randomly chosen

to the so called thick accretion disks (Abramowicz et al. 19783t the frame comoving with the fluid. The optical depth along a

Both have empty funnels around their rotation axes. ray measured at the frequeneys
The mass flow through the= const surface can be calcu- . )
lated as: _ [T W g 21
e A= @)
M = —/ dOdo/—gpo(0)u” (17) ) L .
0 whereeg is the synchrotron emissivityr. is the Planck func-

73 - tion corresponding to the electron temperatiifeand the in-
=94/ / dg\/(g%¢ — Gut960)960p0(0) (18) tegration is over the proper distanég, corresponding to the
1-V2 J ) point on the fluid boundary. Since the integrand in the above
Combining the last equation and the formula for théepen- formula is the function of the electron temperature we must as-
dence of the density we obtain the equatorial value of the densﬁy.me the appromm_ate dlstnbgnon_ of the electron temperature
i the ADAF. As a first approximation we use our results from

Paper | based on the approach of Narayan & Yi 1994. Averaging

2.2. Two temperature plasma one gets the probability of escape:
While modeling the dynamics of ADAF we neglect the heat N
transfer and all the radiation processes, assuming that only-a, _ 1 o) (22)

small part of the total energy generated by viscous processescan IV =
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Since we assume that cooling is provided only by the escapifige summation is limited to rays which reach infinity. Integra-

photons, we have: tion over the volume of the fluid gives the total luminosity of
. the model.
a5 = / es(v)e ™ dv (23) The emission from the configuration is not isotropic, so the
0

observers at different position angles measure a different flux
for the synchrotron cooling. We adopt the expressions for sy@-radiation. The luminosity calculated above is in fact an aver-
chrotron emissivity from Pacholczyk (1970) and Mahadevanage of luminosities assigned to the disk by observers uniformly
al. (1996). distributed on a sphere around the object. One can also find the
For the bremsstrahlung cooling the solution is straightfoaverage luminosity that would be measured by observers from a
ward. The absorption of low frequency bremsstrahlung photdifsited solid angleA(2. To do so it is sufficient to neglect in the
has no practical meaning, so we adopt their frequency integragnmation all the rays which do not enter the region of interest

emission as cooling rate and multiply the result by the correction factbr/AS).

Uy = /0 epr(v) dv (24)  2.4. Spatial distribution of the photon emissivity

We take the expression for bremsstrahlung cooling rate frdththe Monte Carlo simulations we follow individual photons
Stepney & Guilbert(1983). as they travel through the fluid undergoing consecutive scatter-

Finally we take the cooling by Comptonization of both sydngs. We have to know what is the distribution of the points
chrotron and bremsstrahlung photons using the formulae of E8fn@mission of the photons. We divide the flow into several
et al. [1996). The mean optical depth to Compton scatteringSiherical layers. The radius in the middle of the layer numbered
calculated in the same manner as above. Solving th&€Bqgs. 19-ar®l - Each layer is then subdivided into annuli of limited

we get the electron temperature and the ion temperature’@nge in the polar anglé between fluid boundarienin (r;)
andm — fmin(r;). The angular coordinate at the middle of the

) o annulus numberegk is 6;;,. One can assume that all fluid pa-
2.3. Spectra neglecting comptonization rameters are almost uniform inside each annulus, and take their

As a by-product of the calculations of the previous subsectioy@lues at(r;,6;;) as representative. Using similar arguments
one can obtain the spectrum of the model, which would be vafi in the previous subsection we calculate the rate of photon
if the Comptonization were unimportant. For sufficiently lovgmission from the region numbergd of the volumeAV;;:
frequencies a photon is rather absorbed than scattered, so both N o
approaches, neglecting and including Comptonization, showld_ _ AV Z /°° €(Vem) € Tvem dvem (28)
give similar results in this regime. This gives a chance of a se f* N ~ Jo hem (1 + 2;)
check of the simulations. a

Calculation of many rays sent from a given fluid element caife adopt the expressions for synchrotron cooling from Pa-
also be used to find the contribution of this element to the togholczyk (1970) and Mahadevan et al. (1996), and for brems-
luminosity of the configuration as seen by a distant observettahlung cooling from Svensson_(1982) [and references
If the frequencyv., and the direction of a photon in the fluidtherein]. The cooling rates are functions of the electron temper-
frame is known, its frequency in the Boyer-Lindquist coordinagfure, the number density of ions and electrons and the magnetic
framev,,s can be calculated and this is the frequency that woudiigld density (synchrotron radiation) and hence they are func-
be measured by a distant observer, unless the photon goes utides of - andd. We takee = €(r;, 0, ). The expression under
the horizon. For photons going to infinity the redshift factor cae integral is regular at low frequencies despite the presence of

be defined: Vem IN the denominator becausé?, — oo whenvg, — 0. The
1 _ Vem 25 redshift factor in the denominator takes care of the difference
tE= Vobs (25) " between clock rates in the fluid frame and at infinity.

Distant observers measure photon energies divided by the factor

(1 4 z). Also the time interval between the detection of tw@. The comptonization
signals is the interval between their sending multiplied by-
z). Thus the contribution to the total luminosity from the flui
element of the volumé\V, measured by distant observers i
their frequency interval\v,,,; is given as:

aNe follow the method of Comptonization described byr&cki
& Wilczewski (1984).

@ 3.1. Basic concepts
AVem e Tvem

1 + Zi)2

N
1 €(Vem
L(vobs) Avobs = > (e () AV (26) The differential cross section for Compton scattering is given
i=1 by the following formula (Akhiezer & Berestetgki 1965):

where for the i-th ray:

do rd (/'
Vem = Vobs(l + Zq) AVem = Aljobs(l + Zz) (27) @ = WX(l - UQ/C) (hV) (29)
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wherehv, 2, h/ andY’ are respectively the energy and th@&.2. Generating the random variables
direction of the photon before and after the scattering, the
velocity of the electron;y is the Lorentz factor and, is the
classical electron radius. The symb¥®ldenotes the invariant
part of the cross section:

The random variables are generated from the probability distri-
butions using Monte Carlo methods: the inversion of the cumu-
lative distribution function or von Neumann'’s rejection tech-

nique. Multi-dimensional distributions are modeled using the

2 conditional probability distributions.
x oz’ 4<1 1)+4(1 1) (30)

X = " + P el P (i) At first we generate the position vector at which the photon is
initially emitted. According to our approximation this position
where is uniformly distributed in space within each of the annjli
The probability that a photon is emitted from a region of the
r _ hv 1— v x 1— oS 31) given numberjk is:
7" ma 179, 5 = i—eo G |
Nj

are the energies of the incoming photon and of the scattergd = G (36)
photon, respectively, expressed in unitsiaf® in the reference 2 Nk
frame of the electron. The energiks andhv’ are related by

the Compton formula whereN;, are given in EJ.28. In E. 28 we take into account

the optical depth due to the absorption, so the number of the

h(1 — vS2/c) low frequency photons we use in the simulation is the expected
=1 o e+ 7, (1— 09 (32) number of the photons which have a chance of escape. The ab-

yme? sorption does not have to be considered on the further photon

frajectory. (After a scattering with relativistic electrons a pho-
gn gains so much energy that the possibility of its absorption
can be neglected. The probability of absorption on the original
trajectory is included in E.28.)

(i) As the position of input photon is determined we can gen-
erate the initial energy of the photdn/, using a probability

) ) . distribution specified by the photon spectrum of synchrotron or
The basic concept of this method is to follow the photon tr%‘remsstrahlung emission

jectory from the moment of emission until the photon leaves

hv'

We use the total Compton cross section which is given
(Berestetski et al. 1972)
o(x) =

omt (1 - S () + b S ot 69

x

the flow. The probability that a photon leaves the flow witho%t ny (715, 05%)
torina () = 7= (37)
scattering is Jo nu(ry, 0)dv
o [T wheren,, (r;,6;,)[Hz" em™3s~1] is the photon spectrum ap-
Py = exp { /T ) ne<0>dl} (34) proximated by formulae of Pacholczyk (1970) and Mahadevan

et al. [1996) for synchrotron emission or Svens$on (11982) for
where the integral is taken along the photon trajectory from theemsstrahlung emission. The photon spectrum is determined
point of the last{-th) scattering to the boundary of the flaw,, from the energy spectrum by dividing the last onehby
ne = [ ne(v)d3v is the electron density,. (v) is the electron

iiil) We assume that the emission of input photons is isotropic.
velocity distribution, and (i) putp P

Hence the direction of the photon in a comoving Cartesian coor-
dinate frameQ2= (sin © cos ®, sin O sin P, cos O©) is generated

1
(o) = ;/ne(v)(l —vQ/c)o(z)d*v (35) from uniform distributions in the rangess © € [—1;1] and

¢ ® € [0; 27].
is a mean cross section averaged over the electron velocity dis-In this way we determine the set of parametgrs, huy,
tribution. n. (v). 0, wo = 1} describing the initial point of the trajectory of the

The probabilityP; enables us to find the statistical weights dphotons beam. We calculate the next points of the trajectory, i.e.
the number of photons leaving the flow without scattering (andfi+1: Ait1, Qiy1, wip1} (0 = 0,1, 2,3, ..) until w = Wiy,
thus contributing to the emerging spectrum) and the photohde way of computing the weights; is described in Sect. 3.1.
which remain in the flow and undergo the neit{ 1]-th) scat- Below we present the way of computing the position, energy
tering. These weights are givenbyP; andw; 1 = w;(1—P;), and direction of a photon after following scatterings.
respectively, where = 0, 1, 2, 3, ... is the index denoting the (iv) The positionr; 1 is found on the photon trajectory at the
succeeding scatterings. We assume= 1. We follow the tra- proper distancéfrom the starting point;, from the probability
jectory of the photon untib becomes less than a certain minimadistribution:
valuewy,;,. Since ADAFs are optically thin (in our model the L dr)
Thomson optical depth is about 0.1 in equatorial directions) t?@) __ ¢ —dr (38)

mean number of scatterings is 4-5 fog;, = 10~". f(fx e—7(0) dﬁﬁ” dl




718 A. Kurpiewski & M. Jaroszgski: Comptonization of photons in ADAFs

Where 41 T T T | T T T | T T T | T T T | T T T | T T T
. L i
(1) = / ne (o)l (39) I ]
0
(v) The two remaining parametels; . ; andQ?;; of the (i + L i
1) —th point of the photon trajectory are obtained by simulating 40 L |
the scattering of the photon of enelfgyy; and directiorf2; by an z
electron with velocityw. To describe the probability distribution 2, i
of this scattering we use the differential cross section (1): E i 1
S0 (0, Qi11) = T | |
. do D i T
_ n(v)(1 — ”QZ/@TL,H (40) 2 a0 |- |
[ n(v)(1 — v8/c) L2 A3 d3v I ]
We model the multi-dimensional probability distribution (13) as - |
a product of the probability distribution efand the conditional \ |-
probability distribution of(2; | \ |
\ l
v . v7 QZ f— U QZ fl] 41 38 1 1 I 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 I 1 a1
fowi00)(0, Qit1) = f1(v) f2(Qiga|v) (41) . = ” " - ” o
where log v [Hz]
n(v o\T i i -
fi(v) = ( )(1 — w8 /c) (z) (42) Fig.1. The spectre_t of the input synchrotron an_d b_remsstrahlung pho
Ne (o) tons and the resulting spectrum after Comptonizatioa fer0.9. The
resulting spectrum is shown as a solid line. Synchrotron ifpfi} &nd
and bremsstrahlungright) use dotted lines.
1 do
Q; e 43
f2( +1|’U) O'(LE) dQH—l ( )

We generate the velocity from Eq[42 and then the direction ~ The Comptonized spectra of synchrotron radiation are
Q;. 1 from Eq[43. Having?, , 1, the energy of the scattered phosmooth enough to allow a power law fit with power index
tonhv;41 can be obtained from the Compton formiila (32). Thé.e. L, ~ v~ ). The fit is not valid at the vicinity of the first
detailed description of the method of modeling the probabiligeak, which is due to the seed photons. In[Eig. 2 we show syn-
distributionsf; (v) and f»(£2;.1|v) can be found in Grecki & chrotron spectra with fits. As can be seen in the plots the slopes
Wilczewski [1984). of the spectra depend on the model. Since the black hole mass
and the accretion rate are the same for all three cases, the differ-
ences must be attributed to the black hole angular momentum
and its influence on the flow structure. The power law indices
We have performed trial calculations of the ADAFs spectra erastimated from fits arE = 0.89, 0.85, and0.81 fora = 0., 0.5,
ploying the method described. We use the models of ADAR®d0.9 respectively.

from Paper |. For the black hole mass, accretion rate and The three spectra resulting from combined effects of syn-
parameter3 we use the parameters of Lasota et [al. (199&hrotron and bremsstrahlung emission with Comptonization are
Mgy = 3.6x10" M), 1 = 0.016, 8 = 0.95, which they apply shown in Fig[B.

in the modeling of NGC 4258. We do not, however, attach cold, We have also checked the dependence of the observed to-
thin disks at large radii to our ADAF solutions. In Hig. 1 we shouwal luminosity of our models on the observer’s position. For
the input spectra of synchrotron and bremsstrahlung photonshesbremsstrahlung photons the dependence is absent. The syn-
well as the resulting Comptonized spectrum of the disk aroundrotron radiation observed from the equatorial plane is stronger
a = 0.9 black hole. All the spectra in this and other diagramsy 10 to 20% as compared to the measurement from the axis of
are shown a$g(v) versuslg(vF,) plots. For the synchrotron rotation.

input the results are based on calculations includidfyinput Following the photons we are able to find the fraction which
photons and following more thak 10 branches of photon tra- goes under the horizon. For the synchrotron photons the num-
jectories. The Comptonization plays a less important role in thers are.07, 0.05, and0.04 for a = 0, 0.5 and0.9 respectively.
case of bremsstrahlung radiation, so we ts&0 times fewer The bremsstrahlung photons are emitted at relatively larger dis-
photon trajectories to obtain the spectra in this case. Since taeces from the horizon and less than 1% of them are lost in all
Comptonization preserves the photon number, we normalize ttases. The fraction of photons emitted by the fluid and going un-
spectra using Ef. 28 with either synchrotron or bremsstrahluder the horizon is a decreasing function of the black hole angular
emissivity under the integral to obtain the relative numbers ofomentum according to our simulations. We have checked this
seed photons of each kind. result of our simulations making an independent calculation.

4. Results
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5. Discussion and conclusions

We use the ADAF models from Paper |, but we apply some
changes to the treatment of the 3D structure of the flow. The
models are still based on vertically averaged, stationary equa-
tions for the radial structure of the flow, which uses the vertical
scale height and quantities measured at the equator as flow vari-
ables. Such treatment can be inadequate near the flow boundary,
especially close to the rotation axis. We assume the specific an-
gular momentum of matter, its radial velocity, and the sound
speed to be constant on spheres. Under such assumptions it
is possible to introduce an effective potential on each sphere,
which acts as infinite centrifugal potential barrier near the ro-
tation axis. This infinite barrier causes the sharp drop to zero
of matter density there despite the fact that the gas is approxi-
mately isothermal on spheres; it effectively removes matter with
artificially high angular velocity.

Our models are based on the assumption that all the heat
dissipated in the flow goes into the ions. We neglect the di-
rect viscous heating of electrons and the fact that their entropy
log v [Hz] changes as they fall toward the black hole, which represents the

Fig. 2. The power law fits to the Comptonized synchrotron emissio%dvectlon of heat. Both mechanisms influence the energy bal-

for models with black hole angular momentuim= 0 (dashed lines), ance equationand, as shown by Nakamura etal. (1997), Narayan

a = 0.5 (dotted) and: = 0.9 (solid). The corresponding straight lines€t al- (1993) and Quataert & Narayan (199_8)1 have an impact
represent the fits. on the electron temperature and the resulting spectrum of the

model. While advection of heat by electrons is a well defined
5 L L L B B B B process, the viscous heating must be introduced using another
41 free parameter. The combined effects of viscosity and advection
on electrons would influence all our models in a similar way,
not greatly changing the differences between them.

In our calculations we use three models of the matter flow
onto the black hole, with the same accretion rate and the same
- black hole mass, but with different black hole angular momen-

1 tum. The spin of the black hole has strong influence on the
density and temperature of the matter near the horizon, which
are both increasing functions of the rotation rate. Similar be-
havior of the gas parameters can also be seen in much broader
investigation of ADAFs parameter space by Popham & Gam-
- mie (1998). We are not able to present a full discussion of the

1 ADAF structure-spectrum dependence, but we can point out
some trends.

Our calculations show a strong dependence of the ADAFs
spectra on the flow structure resulting from the differences in the
1 black hole angular momentum. The synchrotron seed photons
- are produced mainly in the central parts of the flow, which are the

22 densest and the hottest. The total energy emitted as synchrotron
photons increases with the black hole angular momentum. Also
Fig. 3. The resulting spectra of ADAFs for the three cases includif§e influence of Comptonization is increased the same way. In
the bremsstrahlung component. The conventions followFFig. 2 the case ofi = 0.9 model, the Comptonized synchrotron radi-
ation dominates all the way to the highest frequencies, making

the usual bremsstrahlung peak invisible. For other cases con-

We have compared isotropic sources of radiation at the safigred & = 0.5 or 0) this is not true and the bremsstrahlung
distance from the black hole, comoving with the matter of t mponents dominate at highest frequencies

three models we use. Again the fraction of rays going under the The standard theory of Comptonization (Rybicki & Light-

horizon is the smallest for the case of the most rapidly rotatirﬁgan 1979) enables one to estimate the spectral index of low

h_ole. Th_e effect must be attributed to the differences in mat@rﬁergy radiation, which undergoes multiple scatterings with
kinematics between the three models.

log VL, [ergs/s]

log vL, [ergs/s]

39 —

log v [Hz]
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thermal relativistic electrons of given temperature and optidjornsson G., Abramowicz M.A., Chen X., Lasota J.-P., 1996, ApJ

depth. In our case both parameters can be defined as average467, 99

over the configuration. We have tried several simple prescripsin A.A., Narayan R., Ostriker E., Yil., 1996, ApJ 465, 312

tions for calculating the averages, but we have not obtaine@ammie C.F., Narayan R., Blandford R., 1998, astro-ph/9808036

quantitative agreement between our results and the estimae%&zzl‘('fAc'sv'nzggxszV'?/-Gié;igivc';pi :t?fﬁ 33}2’ u

B e e . K A 567 A3, 413 Por)
- . ' . _Kato S., Fukue J., Mineshige S., 1998, Black Hole Accretion Disks.

complexny_ of the_ flow and effects such as the rglat!ve mot|_on Kyoto University Press, Kyoto

of the starting point of a photon and the place of its interactiq,synose M., Mineshige S., 1996, ApJ 468, 330

with the electrons. Lasota J.-P., 1994, In: Duschl W.J., Frank J., Meyer F., Meyer-

We are not attempting to model NGC 4258, but using the pa- Hoffmeister E., Tscharnuter W.M. (eds.) Theory of the Accretion

rameters from the model of Lasota et al. (1996) we get the right Disks 2. Kluwer Academic Publishers, Dordrecht, p. 341

luminosity in the X-rays for the = 0.9 model. The slope of Lasota J.-P., 1998, astro-ph/9806064

the calculated spectrum at this frequeniy* Hz) is withinthe Lasota J.-P., Abramowicz M.A., Chen X., etal., 1996, ApJ 462, 142

observational bounds. The spectrum of NGC 4258 has been &f&adevan R., 1997, ApJ 477, 585

modeled by Gammie et al. (1998). Although they use slightlfahadevan R., Narayan R., Yi|., 1996, ApJ 465,327

different values of the ADAF parameters, their results are ve kamura K.E., Kusunose M., Matsumoto R., Kato S., 1997, PASJ 49,

. 503
C\
similar to those of Lasota et al. (1996). Narayan R., Barret D., McClintock J.E., 1997, ApJ 482, 448
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