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Abstract. We study nucleosynthesis in low accretion rate hatuded fully self-consistently. Second, only high accretion rates
advective flows around black holes. We find that matter is generere used. As a result, the viscosity parameter required for a
ally photo-dissociated into protons and neutrons inside the dislgnificant nuclear burning was extremely low,{, < 10~%).
These neutrons stay around black holes for longer time becalrsthe present paper, we do the computation after including the
they are not coupled to magnetic fields while the protons aadial velocity in the disk and the heating and cooling processes.
crete into the hole. We find the nature of the resulting neutrdYe largely follow the solutions of Chakrabarti (1996b) to obtain
disks and estimate the rate at which these disks contaminatettieethermodynamic conditions along a flow.
surroundings. Close to a black hole horizon, the viscous time scale is
so large compared to the infall time scale that the specific
Key words: stars: neutron — nucleosynthesis — black hokngular momentum\ of matter remains almost constant and
physics — accretion, accretion disks sub-Keplerian independent of viscosity (Chakrabarti 1996a,b;
Chakrabarti 1989). Because of this, as matter accretes, the cen-
trifugal forceA? /23 increases much faster compared to the grav-
itational forceGM /x? (whereG and M are the gravitational
constant and the mass of the black hole respectivednd x
Angular momentum in accretion disks around black holes m@e the dimensionless angular momentum and the radial dis-
deviate from a Keplerian distribution, since the presence of idance from the black hole). As a result, close to the black hole
radiation or inertial pressure gradient forces become as sigriifitz ~ A\*/G'M) matter may even virtually stop to form stand-
cant as the gravitational and centrifugal forces (see Chakrab#i shocks (Chakrabarti 1989). Shock or no-shock, as the flow
1996a; Chakrabarti 1996b and references therein). The inersi@ws down, the kinetic energy of matter is converted into ther-
pressure close to a black hole is high, because, on the horiZbal energy in the region where the centrifugal force dominates.
the inflow velocity must be equal to the velocity of light. FoHard X-rays andy-rays are expected from here (Chakrabarti
causality, the velocity of sound must be less than the velocfyTitarchuk, 1995). In this centrifugal pressure supported hot
of light. In fact, in the extreme equation of state Bf= %p ‘boundary Ia;_/er’ (CENBOL) of the_ black hole (Cha_\krab_arti et
(wherec is the velocity of light andP andp are the isotropic @l- 1996) we find that forlow accretion ratég] e of the infalling
pressure and mass density respectively), the sound speed is Biajter is completely photo-dissociated and hocould be pro-
¢/v/3. Thus, the flow must pass through a sonic point and pauced. In this region, about ten to twelve percent of matter is
come supersonic before entering into the horizon. A flow whid¢fund to be made up of pure neutrons. These neutrons should not
must pass through a sonic point must also be sub-KeplerRffrete very fast because of very low magnetic viscosity associ-
(Chakrabarti 1996b and references therein), and this causes#i§8 with neutral particles (Rees et al. 1982) while protons are
deviation. If the accretion rate is low, the flow cools down on|9ragged towards the central black hole along with the field lines.
by inefficient bremsstrahlung and Comptonization process&¥,course, both the neutrons and protons would have ‘normal
unless the magnetic field is very high (Shvartsman 1971; Ré@Ric viscosity, and some slow accretion of protons (including
1984; Bisnovatyi-Kogan 1998). This hot flow can undergo Siéhose produced after neutron decay) would still be possible. In
nificant nucleosynthesis depending on the inflow parametefg@ntrast to neutron stars, tireutron disksvhich we find are
Earlier, in the context of thick accretion disks calculations ¢fot dense. Nevertheless, they can participate in the formation
changes in composition inside an accretion disk were carrigigneutron rich isotopes and some amount of deuterium. They
out (Chakrabarti et al. 1987; Hogan & Applegate 1987; Ar&an be eyentually dispersed into the galaxythroqghjets and out-
& Hashimoto 1992; Hashimoto et al. 1993), but the disk mo#oWs, which come out of CENBOL (Chakrabarti 1998; Das &
els used were not completely self-consistent, in that neither faBakrabarti 1998) thereby possibly influencing the metallicity

radial motion, nor the cooling and heating processes were fH-the galaxy. _ _ o _

On the equatorial plane, where the viscosity is the highest,
Send offprint requests 1&.K. Chakrabarti a Keplerian disk deviates to become sub-Keplexiary close
(chakraba@boson.bose.res.in)
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to the black hole (Chakrabarti & Titarchuk 1995; Wiita 1982from a normal main sequence star. That is, we choose the abun-
Away from the equatorial plane, viscosity is lower and the flodance of the injected matter to be that of the sun. Because of
deviates from a Keplerian disk farther out. This is because thery high temperature, the result is nearly independent of the
angular momentum transport is achieved by viscous stresseiial composition, as long as reasonable choices are made.
Weaker the viscosity, longer is the distance through which aiwhen accretion rates are higher, the advective region becomes
gular momentum goes to match with a Keplerian disk. Whawoler and very little nucleosynthesis takes place, the results are
the viscosity of the disk is decreased on the whole, the Kepfgesented elsewhere (Mukhopadhyay 1998; Mukhopadhyay &
rian disk recedes from the black hole forming quiescence stafdsakrabarti 1998).

when the objects become very faint in X-rays (Ebisawa et al. As hot matter approaches a black hole, photons originated
1996). Soft photons from the Keplerian disk are intercepted by the bremsstrahlung process, as well as those intercepted from
this sub-Keplerian boundary layer (CENBOL) and photons atfee Keplerian disk, start to photo-dissociate deuterium and he-
energized through Compton scattering process. For higher Képm in the advective region. There are two challenging issues
lerian rates, electrons and protons cool down completely and #i¢his stage which we address first: (a) Thermodynamic quanti-
black hole is in a&oft statg Tanaka & Lewin 1995). Here, bulk ties such as density and temperature inside a disk are computed
motion Comptonization produces the power-law tail of slopgsing athin diskapproximation, i.e., the vertical heightx) at

a ~ 1.5 (Chakrabarti & Titarchuk 1995; Titarchuk et al. 1997)a radial distance very small compared to (h(z) << x), and

For lower Keplerian rates, the Compton cooling is incompletssuming the flow to be instantaneously in vertical equilibrium.
and the temperature of the boundary layer remains close to Hmwvever, at a low rate, itis easy to show that the disk is optically

virial value, thin in the vertical directiory;)h(x) podh < 1 (o is the Thom-
1 r 10 son scattering cross-section). However, soft photons from the
T, ~ %m;ﬁf =52x 10" (x/x) °K (1) Keplerian disk enter radially anf{"* podz > 1, generally. In
g

fact, this latter possibility changes the soft photons of a few keV
In this case, bremsstrahlung is also important and the bldiotm a Keplerian disk to energies up t0 1IMeV by repeated
hole is said to be in hard statewith energy spectral index Compton scattering (Sunyaev & Titarchuk 1980; Chakrabarti
(F, ~ v~%, wherev is the frequency of the photon) close t& Titarchuk 1995) while keeping the photon number strictly
0.5. In Eq. (1),m,, is the mass of the protom, = 2GM/c? is constant. The spectrum of the resultant photons emitted to dis-
the Schwarzschild radius of the black hole, anglthe velocity tant observers becomes a power lay ~ v~ ¢ instead of a
of light. (In future, we measure the distances and velocitiesfackbody, wherex ~ 0.5 for hard state and: ~ 1.5 for soft
units ofz, ande.) In this low Keplerian rate, electrons are coolestates of a black hole. (b) Now that the spectrum is not a black-
typically by a factor o(mp/me)l/2 unless the magnetic field isbody, strictly speaking, the computation of photo-disintegration
very high. Present high energy observations seem to supportréte that is standard in the literature (which utilizes a Planck-
apparently intriguing aspects of black hole accretion mentionizah spectrum) cannot be followed. Fortunately, this may not
above. For instance, the constancy of (separate) spectral slquese a major problem. As we shall show, the standard photo-
in soft and hard states has been observed by many (Ebisawdisihtegration rate yields a lower limit of the actual rate that
al. 1994; Miyamoto et al. 1991; Ramos et al. 1997; Grove et &kes place in the presence of power-law photon spectra. Thus,
1998; Vargas et al. 1997). ASCA observations of Cygnus Xtsage of the correct rate obtainable from a power-law spectrum
seem to indicate that the inner edge of the Keplerian compmeuld, if anything, strengthen our assertion about the photo-
nent is located at arountb R, (instead of3R,) (Gilfanov et disintegration around a black hole. After photo-disintegration
al. 1997). HST FOS observations of the black hole candiddtg these hard photons, all that are left are protons and neutrons.
A0620-00 in quiescent state seems to have very faint Kepleie exact location where the dissociation actually starts may
rian features (McClintock et al. 1995) indicating the Kepleriadepend on the detailed photon spectrum, i.e., optical depth of
component to be farther out at low accretion rates. Bulk motidinis boundary layer and the electron temperature.
Comptonization close to the horizon has been considered to beThe plan of the present paper is the following: in the next sec-
a possible cause of the power-law tail in very soft states (Cradign, we present briefly the hydrodynamical model using which
et al. 1996; Ling et al. 1997; Cui et al. 1997). However, sonthe thermodynamic quantities such as the density and temper-
alternative modes may not be ruled out to explain some of thedare inside the inner accretion disk are computed. We also
features. present the model parameters we employ. In Sect. 3, we present
This observed and predicted dichotomy of states of blaoksults of nucleosynthesis inside a disk. Finally, in Sect. 4, we
hole spectra motivated us to investigate the nuclear reactigmesent out concluding remarks.
thoroughly for both the states, but we report here the results
obtained in the more important case, namely, when the flowés
hotter, i.e., for hard states. We us& nuclear elements in the ™
thermo-nuclear network starting from protons, neutrons, dei¥e chose the units of distance, time and mass @&/ /c?,
terium etc. till ?Ge and the nuclear reaction rates valid foeGM/c® and M where,G is the gravitational constand/ is
high temperatures. We assume that accretion on the galatiteemass of the black hole, ands the velocity of light. To keep
black hole is taking place from a disk where matter is suppli¢kde problem tractable without sacrificing the salient features,

Model determining the thermodynamic conditions
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we use a well understood model of the accretion flow closefr f(«, z,7h) = constant, though as is clegr,~ 0 in the Ke-

the black hole. We solve the following equations (Chakrabapierian disk region and probably much greater tharear the
19964a,b) to obtain the thermodynamic quantities: black hole depending on the efficiency of cooling (governed by
(a) The radial momentum equation: mh, for instance). We use the Paéski-Wiita (1980) potential

to describe the black hole geometry. Thig.,, the Keple-
rian angular momentum is given by, = #°/2(x — 1),
exactly same as in general relativity., is the vertically in-
tegrated viscous stredsz) is the half-thickness of the disk at
radial distance: (both measured in units af> M /c?) obtained

d9  1dP | Ngep — N
e i _fsep 2a
dr  pdx + x3 0 (23)
(b) The continuity equation:

d from vertical equilibrium assumption (Chakrabarti 1989))

a(zw) =0, (2b) is the specific angular momentum,is the radial velocity,s
: I is the entropy density of the flow. The constanabove is the
(c) The azimuthal momentum equation: Shakura-Sunyaev (1973) viscosity parameter modified to in-
ﬁd/\(x) 1 d 2 ) — 0 5 clude the pressure due to radial motibh+£ W + %92, where
de ﬂ@(m z0) =0, (2¢) W andX are the integrated pressure and density respectively;

see Chakrabarti & Molteni (1995) in the viscous stress. With this

d) The entropy equation: : o :
O Py eq choice, W, keeps the specific angular momentum continuous

EvTé _ h(x)v (dp T p) across of the shock.
dr  Ts—1 \dzx ! ) For a complete run, we supply the basic parameters, namely,
_ ;ag YOI+ QT —Q the Igcatlon ofthe sonic pomtthrqggh which flow must pass just
ves outside the horizoX,,;, the specific angular momentum at the
= Q" —g(z,m)Q" = f(a,z,m)Q". (2d) inner edge of the flom;,,, the polytropic indexy, the ratio f

_ i +
Here,@* and@~ are the heat gained and lost by the flow, an&i advected heat flug),. — Q_ to heat generation rag™,

1 is the mass accretion rate in units of the Eddington rate. Her, (’axscosny.parametermﬁ and ;he accire_tlonf{abs'aaTh.e de-
we have included the possibility of magnetic heatigg,,, rived quantities arer;, where the Keplerian flow deviates to

(due to stochastic fields; Shvartsman 1971: Shapiro, 19P§c0Me sub-Keplerian, the ion temperatile the flow den-
Bisnovatyi-Kogan, 1998) and nuclear energy rele@de, as sity p, the_ radial velocityv, and the_ azimuthal velocity/z

well (cf. Taam & Fryxall 1985) while the cooling is provided_Of the ent_|re flow fromz to the honzqn. Temperature of th?
by bremsstrahlung, Comptonization, and endothermic reactiofsS optalned from above equations is further correctgd using
and neutrino emissions. A strong magnetic heating mightequ%d(-:OOIIng factorFComp.obta}med from the results of radiative
ize ion and electron temperatures (e.g. Bisnovatyi-Kogan 19§§,}nsfer of Qhakrabartl & Titarchuk (1995)' EIectrons cool QUe
but this would not affect our conclusions. On the right hand sicf@, Comptonization, but they cause the |on_coollng also since
we wroteQ™ collectively proportional to the cooling term for'©NS and electrons are coupled by Coulomb interacigia,,

simplicity (purely on dimensional grounds). We use the stand osen here to be constant in the advective region, is the ratio of

- o the ion temperature computed from hydrodynamic (Chakrabarti
definitions ofl" (Cox & Giuli 1968), o . X ,
( ) 1996b) and radiation-hydrodynamic (Chakrabarti & Titarchuk
Py = 14 1= p 1995) considerations.
3 4 3ﬁ )

(4-30)*(y—1)
B+12(y-1)(1-p)

andg(zx) is the ratio of gas pressure to total pressure,

I =38+ 3. Results of nucleosynthesis calculations

In the first example, we start with a relativistic flow (polytropic
indexy = 4/3) with the accretion rat8/ = 0.01Mgqq, where,
pkT [ pimy, Mpaq is the Eddington accretion rate. We use the mass of the
B(z) = T iy, + T3 + Bz)? Jar central black hole to be/ = 10, throughout. We choose a
very high viscosity and the correspondimgarameter (Shakura

Here,a is the Stefan constarit,is the Boltzman constant, is & Sunyaev 1973) i§.2 in the sub-Keplerian regime. The cool-
the mass of the protom, is the mean molecular weight. Usinging is not as efficient as in a Keplerian disg— ~ 0.9Q,
the above definitions, Eq. (2d) becomes, where,Q*T and@Q~ are the heat generation and heat loss rates

B B respectively. The specific angular momentum at the inner edge
f: _32[%6;2 - %j—ﬁ - M;Lﬂ] = f(a,z,m)Q". (2e) is\;, = 1.65(inunits of2GM /c). The flow deviates from a Ke-

! v v P v plerian disk atl.15 Schwarzschild radii. Itis to be noted th@t
In this paper, we shall concentrate on solutions with congtantincludesall possibletypes of cooling, such as bremsstrahlung,
Actually, we study in detail only the special casgss= 0 and Comptonization as well as cooling due to neutrino emissions.
8 = 1, so we shall liberally us€; = v = I's. We note here We assume that the flow is magnetized so that only ions have
that unlikeself-gravitatingstars whergs = 0 causes instability, larger viscosity. Due to poor supply of the soft photons from
here this is not a problem. Similarly, we shall consider the calkeplerian disks, the Comptonization in the boundary layer is
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2x1010 4x1010 6x1010 Fig. 2. Formation of a steadyeutron torusn a hotinflow. Intermediate
T iteration results (from bottom to top: 1st, 11th, 21st, 31st and 41st
p iterations respectively) of the logarithmic neutron abundayigen

Fig. 1. Comparison of wavelengthpian.c. at peak blackbody intensity the flow as a functi_on of the logarithmic radial distanedr{ units of
(dotted) with the mean (taken betwe2rand 50 keV) wavelength of Schwarzschild radius) are shown.
the Comptonized power law spectrum (solid) of the emitted X-rays.
Wavelengths are measured in unitsl6f ! cm.
where vy, andv,, .. are computed frord and50 keV respec-

tively. The average becomes a function of the energy spectral

not complete: we assume a standard value (Chakrabartijin®lex a (F, « v~%), which in turn depends on the ion and
Titarchuk 1995) in this regimeFc,m,, ~ 0.1, i.e., ions (in electron temperatures of the medium. We follow Chakrabarti
te radiation-hydrodynamic solution) are one-tenth as hot as @bTitarchuk (1995) to compute these relations. We note that
tained from the hydrodynamic solutions. [For high accretiohcompton IS lower compared to\ o, for all ion tempera-
rate,in 2 0.3, Foomp ~ 0.001 andions and electrons both cootures we are interested in. Thus, the disintegration rate with
to afew KeV (~ 107 °K)]. The typical density and temperaturePlanckian distribution that we employed in this paper is clearly
nearthe marginally stable orbitarg_s; ~ 8.5x10~8gmecnt3  a lower limit. Our assertion of the formation of a neutron disk
and7.5 x 10? °K respectively where the thermonuclear depleshould be strengthened when Comptonization is included.
tion ratesN4 < ov > forthe D — p +n,*He — D + D Fig. 2 shows the result of the numerical simulation for the
and*He +* He =7 Li + p reactions are given by.6 x 10'* disk model mentioned above. Logarithmic abundance of neu-
gn sl 4x103gm s tandl.9 x 1072 gm s ! re- tronY, is plotted againstthe logarithmic distance from the black
spectively. Here N4 is the element abundance on the left, hole. First simulation produced the dash-dotted curve for the
is the reaction cross-section,is the Maxwellian average ve-neutron distribution, forming a miniature neutron torus. As fresh
locity of the reactants. At these rates, the time scales of thesatter is added to the existing neutron disk, neutron abundance
reactions are given by, x 10°s,5 x 10'' s and4 x 102° s re- is increased as neutrons do not fall in rapidly. Thus the simula-
spectively indicating that the deuterium burning is the fastdsin is repeated several times in order to achieve a converging
of the reactions. In fact, it would take about a second to busteady pattern of the neutron disk. Although fresh neutrons are
initial deuterium withY, = 10~°. The” Li does not form at all deposited, the stability of the distribution is achieved through
because théH e dissociates t@ much faster. neutron decay and neutron capture reactions. Results after every

The above depletion rates have been computed assumnigiterations are plotted. The equilibrium neutron torus remains
Planckian photon distribution corresponding to ion temperatumeound the black hole indefinitely. The neutron abundance is
T,. The wavelength\ p;,,.1 at which the brightness is highestclearly very significant (more than five per cent!).
atT = T, is shown in Fig. 1 in the dashed curve (in units of We study yet another case where the accretion rate is smaller
10~ cm). Also shown is thaveragewvavelength of the photon (i = 0.001) and the viscosity is so smakk(= 0.01) and the
Acompton (SOld curve) obtained from the spectrum ~ v~*.  disk so hot that the sub-Keplerian flow deviates from a Kep-
The average has been performed over the regiom50 keV lerian disk farther away at = 85.1. The polytropic index is
of the photon energy in which the hard component is usuatlyat of a mono-atomic (ionized) hot gas= 5/3. The Comp-

observed ton cooling factor is as above since it is independent of the
Vmez g accretion rates as long as the rate is low (Sunyaev & Titarchuk
(F,) = [u vav —a @3 1980; Chakrabarti & Titarchuk 1995). The cooling is assumed

e =voo e .
[ dv Compton to be very inefficient because of lower densifyr ~ 0.4Q+.

Vmin
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O 77— L temperature of the wind falls off a9~ and density as—3/2 (as

is expected from an outflow of insignificant rotation), the deu-
terium synthesis rate + p — D, increases much faster very
rapidly than the reverseX — n + p) process. For instance,
with density and temperature mentioned as in the earlier sec-
tion, atz = 30z, the forward rate§ 4 < ov >)is0.12x107°
while the reverse rate is much highér7 x 10'3. This results

in the dissociation of deuterium. However,zat= 300z, the
above rates aré.8 x 10~® and9.6 x 10~° respectively and
atz = 3000z,, the above rates are3 x 10~® and~ 10~16°
respectively. Thus a significant deuterium could be produced
farther out, say, starting from a distance~ofl0%z,. Ramadu-

rai & Rees (1985) suggested deuterium formation on the surface
of ion tori. As we establish here, this process may be feasible,
only if these tori are verticallyery thick z(z) ~ 103z,. In

any case, deuterium would be expected to form in winds and
log(x) disperse.

In a typical case of a disk with an accretion rateldf ~
Mpaq, the temperature is lower, but the density is higher. In
that case, the photo-dissociation @ e is insignificant and
typically the change in abundances of some of the elements,
such as'®0, 2°Ne etc. could be aroundAY ~ 1073 not as
high as that of the neutron as in above cases whéfg ~ 0.1.

The specific angular momentum at the inner edge of the diGkie could estimate the contamination of the galactic metalicity
is \;;, = 1.55. In Fig. 3, we show the logarithmic abundancedue to nuclear reactions as we do for realistic models. Assume
of proton (p), helium{He) and neutron (n) as functions of thethat, on an average, all th€ stellar black holes of equal mass
logarithmic distance from the black hole. Note tH#&fe dis- M have a non-dimensional accretion rate of arouvimd~ 1
sociates completely at a distance of aroung: 30 where the (1 = M /Mgqq). Let AY; be the typical change in composition
density and temperatures are= 2.29 x 10~'! gmcnm3 and of this matter during the run and Igt, be the fraction of the

T = 6.3 x 10° °K. Maximum temperature attained in this casaéncoming flow that goes out as winds and outflows, then in
iS Timas = 3.7 x 1010 °K. Both the neutrons and protons ar¢he lifetime of a galaxy (say}0'° yrs), the total ‘change’ in
enhanced forr < 30, the boundary layer of the black holeabundance of a particular species deposited to the surroundings
This neutron disk also remains stable despite neutron dedayall the stellar black holes is given by:

since new matter moves in to maintain equilibrium. THe

T T T T

log(Y)
|
2
N T T T T

T T T T

T T T T

Fig. 3. Variation of matter abundandg in logarithmic scale in a hot
flow around a galactic black hole. Entitéfe is photodissociated at
aroundzx = 30z, and the steady neutron disk is producedifor. 30
which is not accreted.

abundance is insignificant. (AY;) = 1077 my (N AYi fuw M
! 1 106 ) \10-3 / \ 0.1 ) \ 10M,
i T, M, !
4. Concluding remarks gal gal
X 8 (1010> <1013M@> ' @

In this paper, we have shown that hot flows may produce neutron
disks around black holes, where neutron abundance is signifie here assume a conservative estimate that thei@®&szich
cant. However, unlike neutron stars, the formation of which sellar black holes (there number varies frd®f (van den
accompanied by the production of neutronrich isotopes, neuttdauvel 1992, 1998) to several thousands (Romani, 1998) de-
disks do not produce significant neutron rich elements. Sopending on assumptions made) and the mass of the host galaxy
fragile elements, such as deuterium, could be produced in ta@round10'? M, and the lifetime of the galaxy during which
cooler outflows as follows: such reactions are going on is abaot’Yrs. We believe that
Neutrons and protons may be released in space throughAY; >~ 10~ is quite reasonable for a typical case when
winds which are produced in the centrifugal barrier. These windsY; ~ 10~3 and a fraction of ten percent of matter is blown
are common in black hole sources and earlier they have bedhas winds. WhemAY; ~ 0.1 or the outflow rate is higher
attributed to the dispersal of magnetic fields to the galac{particularly in presence of strong centrifugal barrier) the con-
medium (Daly & Loeb 1990; Chakrabarti et al. 1994). Recentliamination would be even higher.
Chakrabarti (1998) and Das & Chakrabarti (1998), through a It is to be noted that our assertion of formation of neutron
first ever self-consistent calculation of outflows out of accrelisks around a black hole for very low accretion rate ~
tion, found that significant winds can be produced and for loW001-0.01M 4y is different from that of the earlier results
enough accretion rates, disks may even be almost evacugtéogan & Applegate 1987) whetdl ~ 10M 44 Was believed
causing the formation of quiescence and inactive states sucloese the more favourable accretion rate. This is because in last
what is observed in V404 Cyg and our Galactic centre. If tliecades the emphasis was on super-Eddington thick accretion
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