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Abstract

We describe the scenario of massive black hole (MBH) formation
inside a supermassive star (SMS) in the galactic nucleus. A SMS
is naturally formed in the dynamically evolving galactic nucleus due
to destruction of normal stars in the direct collisions. The survived
neutron stars (NSs) and stellar mass black holes form a compact self-
gravitating subsystem deep inside the SMS. This subsystem is short-
lived in comparison with a host SMS and collapses into the MBH. The
frequent NS collisions in this nearly collapsing subsystem are accom-
panied by the generation of multiple ultra-relativistic fireballs which
are the suitable place for particle acceleration. Only the secondary
high-energy neutrino escape from the SMS interior. The resulting
high-energy neutrino signal can be detected by underground neutrino
telescope with an effective area S ~ 1 km? and can give the evidence
for MBH formation in the distant galactic nucleus.

1 Introduction

Recently we proposed [1] (Paper 1) the model of very powerful but short
lived hidden HE neutrino source which originates in the compact galactic
nucleus just prior to its collapse into the MBH. In this model it is supposed
that MBH is formed by the natural dynamical evolution of the central stellar
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cluster in the normal galactic nucleus. Dynamical evolution of dense central
stellar clusters in the galactic nuclei is accompanied by the growth of the
velocity dispersion of constituent stars v or, equivalently, by the growth of
the central gravitational potential ¢ oc v2. This process is accompanied by
the contraction of the stellar cluster and terminated by the formation of the
MBH, when the velocity dispersion of stars grows up to about speed of light,
v ~ ¢, or equivalently, when the stellar cluster radius shrinks near to its
gravitational radius (see for a review e. g. [2] and references therein). In
the following we shall elaborate the hidden source model of Paper 1 for the
possible case of a SMS formation in the galactic nucleus. It will be shown
below that as well as in the scenario of NS cluster formation simultaneously
with a massive envelope (Paper 1) the hidden source of HE neutrino also
arises in the case of SMS formation, but would be shorter-lived and more
intense.

2 Supermassive star formation

The supermassive star (SMS) in the galactic nucleus may be formed from the
gas liberated in normal star self-destructions in the rather evolved central
stellar cluster with a velocity dispersion v > vese = (2Gm,/7,)"/2, Where Ve
is an escape velocity from the surface of star with mass m, and radius r,.
For a solar type star the escape velocity is vesc ™~ 620 km s~!. In the cluster
with v > vee all normal stars are eventually disrupted in mutual collisions
or in collisions with the extremely compact stellar remnants: neutron stars
(NSs) or stellar mass black holes (BHs). Only these compact stellar remnants
survive the stellar-destruction stage of galactic nucleus evolution (v ™ V)
and may form the self-gravitating subsystem. The characteristic time-scale
for stellar cluster dynamical evolution is the (two-body) relaxation time:
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where N = 108Ny is the number of stars in the stellar cluster, A = In(0.4N)
is the Coulomb logarithm, v is star velocity dispersion, n is star space density,
m =~ Mg is typical mass of constituent stars. The first equality in Eq. (1) is
valid for the local values of parameters. Respectively the second one is valid
only for the mean (virial) parameters of a self-gravitating cluster. At v > Vg,



where v is the escape velocity from the surface of constituent star, the time-
scale for self-destruction of normal stars by collisions is teon = (Vese/v)*At,
[3]. If v > vese the normal stars are eventually disrupted in mutual collisions
and central stellar cluster in the galactic nucleus is converted to the SMS.

3 Neutron star cluster inside SMS

Only the relativistic compact stellar remnants such as NSs and stellar mass
BHs can survive during the stellar-destruction phase of evolution of galactic
nucleus at v > ve. and populate the interior of the newly formed SMS. For
brevity we shall refer to these compact stellar remnants as to NSs.

We approximate the gas density distribution in the SMS by the standard
polytropic model with an adiabatic index v = 4/3. For this adiabatic index
the central gas density in the SMS is p. = kcngmsm,, and the central sound
velocity cs. = ksvsms, where nigys is a mean gas number density in the
SMS, vsms = (G Msns/2Rswms)Y? is a virial velocity and numerical constants
k. ~ 54.2 and ks ~ 1.51 respectively.

An individual NS with a mass m and local velocity V spirals down to
the center of the formed SMS under the influence of dissipative dynamical
friction force [4, 5] Fdf =1 x 47T(Gm)2pSMs/V2 (Where PSMS — ﬁSMsmp is
SMS gas density), which is directed opposite to the local NS velocity V.
The dimensionless function I ~ 1 for the case of V' =~ ¢, where ¢, is the
SMS sound velocity. The corresponding effective time of a NS dynamical
friction drag toward the center of the SMS is tqy = V/ V= mV/Fy. It can
be easily seen that at the moment of SMS formation (when V' ~ ¢ ~ veg)
the effective time of a NS friction drag is of the same order as the time-scale
of SMS formation, tqr(Vesc) ~ teon(Vese) ~ tr(Vese). We assume for simplicity
that SMS contains the identical NSs with a typical NS mass myg = 1.4Mg
and with a total NS cluster mass Mys = fnsMsus. Here the NS mass
fraction relative to the SMS mass is fxyg = 0.01f_o < 1 and a total NS
number in the cluster is Nys = fnsMswms/mns =~ 7.1+ 105Mgf_5. The value
of fns is a free parameter of the model and we will put f_5 = 1 in numerical
estimations. The dynamical friction time-scale of the NS with a velocity
V = (GMsgys/2R)Y? inside the host SMS diminishes as t4; oc R3/? during the
evolution contraction of SMS radius R. On the contrary the evolution time-
scale of SMS grows with SMS contraction, tgug o< 1. The subsystem of NSs
evolves faster than the host SMS after reaching the stage when tq; ~ tgus.



At this time all NSs sink deep to the central part of SMS and forms there
the self-gravitating cluster. From approximate equality tq¢(R) ~ tsms(R) we
find the SMS radius at the moment of NS cluster formation inside it:
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where My = Mgys/(108Mg), and we will use ~ 1 in subsequent numerical
estimates. A mean gas number density of the SMS at this moment is
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and the corresponding mean SMS column density is
XSMS >~ ﬁSMSmpRSMS ~ 22 109M§/5 g Cm_2. (4)

Under the dynamical friction influence the NSs are sinking deep to the SMS
until they are concentrated in the central region with some radius r = Ryg <
Renvs. At this time the total mass of NSs becomes of the same order as
the mass of the ambient gas, Myxs = (47/3)r®p., and a self-gravitating NS
cluster is formed. Using the above relation we find the initial parameters

of the newly formed NS cluster: the radius Rng = fﬁ/ssk;; 1/3 Rgms and virial

velocity vns = fuk}3vsms. At the moment of NS cluster formation the
corresponding SMS evolution time tgys = tsms(Rsms) =~ 7.3 - 105M§‘/5 VTS,
virial velocity wvsymg =~ O.O4M82/ °c. F inally the dynamical evolution of NS
cluster is terminated by its dynamical collapse to the MBH.

We employ the simple analytical “evaporation” model [6] for the dynam-
ical evolution of star cluster to fix the time dependence of parameters of the
NS cluster. During the process of evaporation of the fast NSs the total virial
energy of the cluster remains constant £ = —Nmuv?/2 = const. Accordingly,
the NS velocity dispersion in remaining cluster grows as v o< N2, and
cluster contracts as R o« N? with a diminishing of star number N. After
reaching v ~ 0.3¢, which is the onset of the NS cluster global dynamical
instability, the remaining NS cluster collapses to the MBH [7, 8]). The rate
of NS evaporation from the cluster Nev ~ aNt 1, where a relaxation time
t, is given by Eq. (1) and constant a ~ 1072 — 1072 according to the nu-
merical Fokker-Plank calculations [6]. Integration of this equation together



with a relation E = const gives the non-dissipative evolution law due to the
evaporation of fast stars:

N(t) = Nag (1 _ })2/7. (5)

ev

Here the cluster evolution time te, = Geyty, With aey, = (2/7)a™!, is defined
by the relaxation time ¢, at the moment of NS cluster formation ¢t = 0 with
the initial parameters v = Uyosr (5>Herehe following numerical estimates we

will use ey = 10%as with ay ~ 1.

The evaporation of fast NSs is accompanied by the cluster contraction
and by the increasing of the rate of direct NS collisions in the cluster. These
collisions proceed most probably through the capture of two NSs into the
short-lived binary due to gravitational radiative losses during flyby with a
final NS coalescence [8]. The corresponding rate of NS collisions in the cluster
(with the gravitational radiation losses taken into account) is [8, 9]:

31/7 c

tc_ap Cap ~ 36\/5 (C) N Tg (6>
Here r, = 2Gmys/c? is the gravitational radius of NS and ¢, is the time
between two successive collisions. We assume that each NS collision is ac-
companied by the production of energy E = 10°?E5, erg with Esy ~ 1 in the
form of relativistic fireball. These fireballs would be the central energy source
inside the SMS. The star collision is a minor dissipative dynamical process in
comparison with the nondissipative star evaporation until NCap < NeV This
inequality is equivalent to v < vgap, Where

4 A 7/10 2 7/10
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At v > vq,p, the dissipative processes and mass segregation of NS collisions
prevail over the NS evaporation in the dense cluster evolution [8, 10].

4 Stationary cavity inside the SMS

The numerous NS collisions produce the coexisting fireballs with a large
energy release. The total energy of a single fireball is Ey = E52105% ergs



with Fso ~ 1. The physics of fireballs was extensively elaborated in the
recent years mainly with an aim of modelling the cosmological gamma-ray
bursts [11]. In our case we suppose for simplicity that a final fireball after the
merging of NSs is (nearly) spherically symmetric. The separation between
successive fireballs is Rea, = CNC_all). The repeating fireballs due to frequent
collisions of NSs in the dense enough NS cluster can dig out the rarefied
quasi-stationary cavity inside the SMS with radius R.., < Rsms, which we
first describe qualitatively below.

We model the nonstationary stage of cumulative shock expansion by the
self-similar spherical shock solution for a central energy source varying in
time, F = At*, with A = const and k = const [12, 13]. The particular
case of k = 0 will correspond to the Sedov instant shock solution [14]. The
radius of the stationary cavity is determined from the energy flux balance
on its boundary at r = R.,. The central source power or luminosity is
L= NcapEo, where Ncap from Eq. (6) and Ey = 10°2E5, ergs is the energy of
a single fireball. Correspondingly just outside R.,, this energy flux is carried
by the hydrodynamic flow L = 47 R2,_pv(w + v*/2) with the gas velocity
v ~ Cgc, Where ¢g. and p. are the sound velocity and gas density in the
central part of the SMS, respectively. The energy flux contains the enthalpy
density w = e+p/p = ¢?/(y—1) because the gas produces some work under
expansion. Here e = ¢2/[y(y — 1)], p, p and 7 are correspondingly the gas
internal energy density, pressure, density and adiabatic index. This energy
flux balance relation determines at v = 4/3 the radius of the stationary

cavity [15]:
: 1/2
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The cavity is supported in the stationary state only if there are simulta-
neously several fireballs inside it. In other words for the stationary cavity
existence the time between successive fireballs is tcap, = Nc_aé must be less
than the cavity shrinking (or spreading) time tc.y = Recay/Csc. The neces-
sary condition for the stationary cavity existence tcap < teay With the help of

Egs. (6) and (8) can be written as v > vcay, where
Veay = 7.3 - 10_2fz/227E527/135Mé’l/”%, o)

with numerical values v, =~ 4.3ung =~ 1.8vgys. The corresponding minimal



radius Ruyin = Reav (Veay) Of a stationary cavity is

EO 1/3
Runin ™~ < T ) ~2.1-102E%* M cm. (10)
The minimal radius of a stationary cavity R, is independent of the frac-
tion fns of NSs in the SMS. At the moment of a stationary cavity for-

mation inside a SMS, v = v.,,, we have respectively a NS cluster radius
R(Veay) = 7.5 - 1011f17/27 28/135M41/225 cm, a number of NSs in the clus-

ter N(Veay) =~ 3.8 - 104f31/27 14/135]\4223/225, a NS cluster evolution time
tey(Veay) =~ 0.29a4 4 27E49/ 135M§73/ 225 yr and a central source 1 a vector

item, lemélteml/emb, from the simeq 8.6- 1048Ez/3M4/5 erg/s. After the for-
mation of a stationary cavity inside the SMS we have the hierarchy of radial
scales, R(Veay) < Rmin < Rsms, which justifies the using of SMS central
values for the gas density p. and sound velocity vg. for the corresponding
values at the cavern radius, r = R(Vcay)-

The power of the central source L = NepEo o< v*5/7 gradually grows due
to the evolutionary growing NS collision rate. So the central source evolution
causes the slow expansion of the cavity with velocity

2 7

Rcav _ dRcavd_U _ (§> § (L) Rcav’ (11)
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which is determined by the evolution law Eq. (5). At v = v,y this velocity

is small with respect of the ambient gas sound velocity, Rcav(vcav) = 5.7

10_5057(;.

A stationary cavity reaches its maximum radius R, at maximum lumi-
nosity of the central source and so the rate of NS collisions Eq. (6) in the
evolving NS cluster. It is reasonable to assume that Ncap reaches its maxi-
mum at v & Vg, from Eq. (7) when NS cluster evolution time becomes equal
to collision time tc,, = Ncaé During this time NSs pass mostly through
mutual collisions and their number in the cluster reduces drastically because
of the numerous stellar mass BH formation. The corresponding maximum

central source power L.« = NCap (Veap) Eo at v = veap due to NS collisions is

Liax = 2.8 - 1049a2_9/2 __5/3E52M8_ /5 erg s, (12)

By substituting this luminosity in Eq. (8) we find the maximal radius of the
cavity Rmax = Reav(Vcap) at the maximum central source power

Ruax ~ 3.8 -102a; " 75/ EX2 Mg '/ e, (13)
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At v = vy, the stationary cavity reaches its maximal radius Ryax. The

corresponding NS cluster radius R(veyp) ~ 3.6-10"ay® 247 Mg’® cm, number

of NS in the cluster N (veap) o~ 2.7+ 10%ay”® P2 MY and NS cluster evolution

time ey (Veap) = 31‘30@9/ 10 fig/ 3M§8/ ® days respectively. Collisions of NSs

during the rather short lifetime to, at v = veap supply the total energy
Brmax & Liatey = 7.6 - 10%a3/° {2 B, MY erg

into the cavity. Nevertheless this energy is far less than the SMS binding
energy Esus ~ GM2ys/2Rsus ~ 2.9 - 10°M7" erg, and so the final shock
does not influence the SMS state.

The gas inside the cavity is turbulized by the numerous inward and out-
ward colliding shocks from fireballs. The particles are accelerated in such
media by Fermi II mechanism. We assume an existence of the equipar-
tition magnetic field induced by the turbulence and dynamo mechanism,
HZ, /8T ~ peayi /2, Where pe., and u; are correspondingly the gas density
and velocity of turbulent motions in the cavity. As a result we have

Hey ~ (AT peay ) /2 ~ 8.1 - 10*MS T G, (14)

The acceleration time to the energy F,,.. is determined by the scattering off
at the largest scales [y with a statistically averaged fraction of energy gain
(ug/c)?. Assuming a mildly relativistic turbulence u; < ¢ one obtains

Rmax
Cc

Y

tllCC

~1.25-10%a; 5/ Mg OBy s, (15)

A typical time of energy losses, determined by pp-collisions, is much longer
than t,.., and does not prevent acceleration:

1dp\ " 1 s
too= =l =~ 57 103M YT 1
P <E dt ) fesco—ppncavC o7 0 s 2% ( 6>

where fo. =~ 0.5 is a fraction of energy lost by the HE proton in one collision
and a cross-section of pp-interaction is o,, ~ 3-1072® cm™2. Since the
energy losses of accelerated particles are negligible, the maximum energy of
acceleration is determined by the particle confinement condition:

Eax ~ ZeHoqRuayx ~ 9.2+ 10" Zay " 17550 %0, eV (17)

with Rpa.x given by Eq. (13).



5 Neutrino production and detection

We calculate the production of HE neutrino inside the SMS following to the
results of Paper 1. Particles accelerated in the cavity interact with the gas
in the SMS interior producing high-energy neutrino flux. We assume that
about half of the total luminosity of the central source L.y from Eq. (12) is
converted into energy of accelerated particles Lege ~ 0.5L .. As estimated
in Eq. (4) the column density of the SMS, Xgus =~ 2.3 x 10°MY° g em™2, is
a large enough to absorb all produced particles except the secondary neutri-
nos. The charged pions, produced in pp-collisions, with the Lorentz factors
up to e ~ (0nnsmscTy) "t ~ 1.5 - 1O5M8_2/5 freely decay in the envelope
(here oxn ~ 310720 cm? is wN-cross-section, 7, ~ 2.6 - 107® s is the life-
time of charged pion). We assume E~2 spectrum of accelerated protons
Qesc(E) = Lesc/(CE?), where ¢ = In(Eyax/Ewmin) ~ 20 —30. About half of its
energy the protons transfer to high-energy neutrinos through decays of pions,
L, ~ (2/3)(3/4)Lesc, and thus the production rate of v, + 7, neutrinos is
Quut5,(> E) = Lesc /(4CE). Crossing the Earth, these neutrinos create deep
underground the equilibrium flux of muons, which can be calculated as [16]:

LeSC ]‘
4CE, Anr?’

UoNA
bﬂ

Fu(> E) = Yu(Ep) (18)
where the normalization cross-section oy = 1-1073* cm?, Ny = 6 - 10% is
the Avogadro number, b, = 4-107% ¢cm?/g is the rate of muon energy losses,
Y,(E) is the integral muon moment of v, N interaction [16, 17]. The most
effective energy of muon detection is £, > 1 TeV [16]. The rate of muon
events N(v,) = F,S in the detector with an effective area S at distance r

from the source is given by

N () 2 [ — Lo ( S [ oy (19)
)=\ 100 erg s71J\1 km?/\103 Mpc v

Thus, we expect a few muons per day in the neutrino telescope of the Ice
Cube scale with S ~ 1 km from a single source at the distance ~ 10 Mpc
and with a total luminosity of the cavity Lyax = 2Lesc = 2.8-10% erg/s from
Eq. (12). The numerical value in Eq. (19) is calculated for the suitable choice
of free parameters: ay = f_ o = F5y = Mg = 1.
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