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Theory of non-thermal phenomena in thin plasma sources:
galaxy clusters, galaxies and supernova remnants
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We review current models of energetic particle acceleration and nonthermal emission from objects of very differ-
ent scales from clusters of galaxies through massive galaxies to supernova remnants. The nonthermal phenomena
in clusters and massive galaxies are considered in the context of the hierarchical model of cosmic structure forma-
tion by accretion and merging of the dark matter (DM) substructures. The hierarchical model predicts interaction
of sub-galactic scale DM halos with massive galaxies. The accretion and merging processes are producing gas
shocks. Being the main gas-heating agent, large-scale shocks in the course of cluster/galaxy structure aggregation,
could accelerate energetic particles by the same collisionless plasma relaxation processes. Nonthermal emission of
the energetic particles in clusters and massive galaxies could be a test to constrain the DM minihalos properties.
We also discuss X-ray emission from supernova remnants in a dense galactic environment with applications to

deep observations of the Galactic Center region.

1. INTRODUCTION

Nonthermal emission is a generic feature of vio-
lent relaxation processes in systems with a power-
ful kinetic energy release. Being different in na-
ture, physical processes of the powerful kinetic
energy release in clusters of galaxies, AGNs, and
supernova remnants (SNRs) are typically accom-
panied with collisionless shock waves of different
scales. Energetic particle acceleration in the col-
lisionless shocks is an efficient process transfer-
ring kinetic energy of the magnetohydrodynamic
(MHD) shock flow into nonthermal particles. Re-
cent multi-wavelength observations open a wide
window to study clusters of galaxies, AGNs, mas-
sive galaxies and SNRs. The reported detec-
tions of hard nonthermal emission from clusters
with BeppoSAX (e.g. [22]) stimulated the study
of nonthermal processes in clusters. We discuss
here some current models and observational re-
sults relevant to X/+v-ray emission and nonther-
mal phenomena in the objects with an accent on
the role of fast moving substructure elements in-
teracting with the ambient matter.
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2. NONTHERMAL EMISSION FROM
CLUSTERS OF GALAXIES

Cluster of galaxies are the most massive virial-
ized systems known. The total mass of a clus-
ter, M, can be as high as a few 10"°Mg. A
megaparsec-scale system of that mass has the
gravitational binding energy, E ~ GM?/R, of
the order of 1054 erg. That huge energy can be
released in a cluster aggregation process with an
average power Ly, < 10%¢ erg-s~!. Clusters pro-
vide a powerful tool for studying the hierarchical
structure, the mass density, and the chemical evo-
lution of the Universe. In particular, they provide
a good estimate of the dynamical mass density
parameter (£24) on a Mpc scale and the measure
of the baryon density fraction in the Universe.
They are also excellent tracers of the large-scale
structure of the Universe.

Clusters of galaxies are very bright
in keV-regime X-rays, with luminosities
Lt < 10% erg s=! in the range 2-10 keV. The
emission mechanism is thermal bremsstrahlung.
For instance, the Coma cluster (M ~ 2x 10 Mg,
z = 0.0238) has Lt ~ 5 x 10* erg s~! and the
average intercluster gas temperature 7' ~ 8.2
keV which roughly corresponds to the virial gas
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temperature. The thermal structure of clusters
is inhomogeneous and some large scale structures
(e.g. due to merging or accretion) are present.
The following facts provide clear evidence for
nonthermal phenomena in clusters of galaxies:

(i) Some of the clusters have large faint diffuse
radio-halos. The halos are seen in the range from
30 MHz to 4 GHz and have radio luminosities
Lr <10* ergs™! (e.g., [23,24]).

(i1) Five clusters (Coma, Virgo, A2199, A1795,
A4059) show some excess of the extreme ultra-
violet emission over the thermal hot gas compo-
nent up to large radii. Recent EUV-image re-
construction of the FUVE and ROSAT data for
these clusters support that conclusion [14] while
some controversies still remain. The magnitude
of the EUV-emission below 0.4 keV for the Coma
cluster, is Lryyv ~ (1-2) - 10 erg s=! [31]. The
constraints on the containment of a warm 106 K
gas, that were imposed by XMM-Newton obser-
vations of the clusters Sersic 159-03 [26], A1835
[43] and A1795 [53], make the thermal origin of
the EUV-excesses somewhat problematic. On the
other hand a substantial warm gas thermal emis-
sion was found in Coma [17]

(#4i) The hard X-ray emission above 20 keV in
excess of that produced by the thermal gas was
reported from the Coma cluster with BeppoSAX
[19]. The estimated Lxnt was ~ 3 x 10%% erg
s~!. A similar nonthermal excess was also re-
ported for A2256 [20]. Study of the hard X-
ray emission of A3667 with BeppoSAX PDS indi-
cated only marginal evidence (~ 2.6 o) for a non-
thermal excess with an extrapolated upper limit
for the 20-80 keV flux with a factor ~ 3.4 less
than the nonthermal flux reported for Coma [21].
One should note, however, the higher redshift of
A3667 (z = 0.055). BeppoSAX MECS data anal-
ysis by [25] revealed ~ 3.30 excessive emission
(in the 8-10 keV range) over the best fit ther-
mal model outside the central 0.3—-0.4 Mpc of the
cluster A2199 (z = 0.0299). The data were re-
analyzed in [22] where only a marginal ~ 20 ex-
cess was found. A2199 is a regular shape cluster
without any indications of recent merging activ-
ity. A reliable detection or significant constraint
of the hard tails with INTEGRAL or ASTRO-E2

would be very important to identify the nature of
the nonthermal processes in clusters.

Gamma-ray emission has not yet been detected
from clusters of galaxies. There are upper limits
for the Coma cluster, imposed by GRO OSSE [47]
and by GRO EGRET [51,45] of L., < 10*® ergs™*
above 100 MeV.

2.1. Energetics of Nonthermal Processes
Assuming that the nonthermal emission de-
scribed above is truly diffuse and of a quasi-steady
nature rather than of a transient type, some gen-
eral constraints can be imposed on possible mod-
els. It is expected that a substantial fraction
of the kinetic energy release during the cluster
aggregation should be emitted away as thermal
X-ray emission. Thorough studies of the ther-
mal emission in the 1-10 keV regime showed that
the observed emission is consistent with that pro-
duced by a locally thermal thin plasma of a typ-
ical temperature below 10 keV, while some in-
homogeneities are also present. The luminosity
of the nonthermal emission above 20 keV discov-
ered with BeppoSAX [19] in the Coma cluster
is ~ 5% of the thermal. The assumption that
the emission above 20 keV is produced by non-
thermal bremsstrahlung of non-relativistic elec-
trons would imply a huge Coulomb loss power
(~ 10° x Lxnt) released into the intercluster
medium [44]. That power is much higher than
the average kinetic power Ly;, and could only oc-
cur for a short period of time. A possible alterna-
tive scenario is the inverse Compton X-ray emis-
sion of relativistic electrons [46]. The presence
of relativistic electrons in the clusters is proven
by the detection of diffuse radio emission that
is most likely due to synchrotron radiation (e.g.
[24]). Here we shall consider some possible mech-
anisms of the kinetic power conversion to non-
thermal particles during the cluster aggregation
process. It is possible, however, that powerful ac-
tivity of some AGNs or active starburst galaxies
(during a relatively short time scale) could also
contribute to a long-lived diffuse population of
relativistic particles (at 10 — 100 MeV energies).
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2.2. The Hierarchical Structure Model and
Nonthermal Emission of Clusters
Growth of the hierarchical structure of the Uni-
verse as a result of merging and accretion of dark
matter substructures is a generic feature of the
cold dark matter (CDM) cosmogony (e.g. [61]).
The cluster gas heating during the aggregation
process in the hierarchical model is mainly due to
large scale shocks produced by the fast motions
of the cluster building blocks. The blocks are
subclusters, galactic groups or individual galax-
ies. Optical observations (e.g. [60]) have revealed
supersonic motions of some isolated galaxies in
the relaxed clusters. High resolution radio and
X-ray observations were used to study the merg-
ing phenomena in clusters. The NGC 4839 group
falling into the Coma cluster was observed by
XMM-Newton [39]. Evidence was found for a bow
shock of scale < 100 kpc and ram pressure strip-
ping. A recent Chandra observation [55] revealed
a moving “cold front” near the core of cluster
A3667. The sharp discontinuity in the X-ray sur-
face brightness of 500 kpc scale was considered as
a boundary of a cold dense cloud of a near-sonic
velocity with a possible weak bow shock at ~ 350
kpc ahead of the cold front. The model [49] of a
peculiar large scale structure of A3667 considers a
recent (~ 1 Gyr) merger event of the cluster with
an 80% less massive subcluster. Multiple large
scale shock generation accompanies the event.
Nonthermal particles in the clusters could orig-
inate from different kinds of sources including:
(i) ejection by AGNSs, radio or starburst galaxies,
(ii) inelastic collisions of relativistic CR hadrons
and (iii) particle acceleration/re-acceleration by
large-scale shocks and turbulence. There is an
extensive literature on the subject (see e.g. [3,13,
50,56,44,15,30,18] and references therein). Here
we shall discuss a class of of nonthermal emission
models considering conversion of kinetic energy
released in the cluster assembling process.
Collisions of massive DM substructures dur-
ing cluster aggregation would drive collisionless
shocks in the gas component if the relative gas
flow velocities are supersonic and superalfvenic.
Large-scale shocks resulted from accretion onto
filaments, sheets and knots in a matter distribu-
tion were simulated in [35] for both a standard
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Figure 1. A modelled hard nonthermal emis-
sion spectrum of a cluster, after weighting indi-
vidual halo spectra [9]. The model parameters
are typical for the Coma cluster. The solid line
denotes the inverse Compton emission from the
CMB photons while the dashed line is the non-
thermal bremsstrahlung.

CDM and a CDM model with cosmological con-
stant. Strong cosmic shocks of sonic Mach num-
bers up to 103 were found to be formed during ac-
cretion onto filaments. Merging of substructures
within galactic clusters produces flow shocks of
lower (< 10) Mach numbers.

Copious fast moving DM halos in virializing
clusters could provide a plausible source for the
extended nonthermal X-ray and ~-ray emission
[9]. This follows from the fact that accelerated
particles are produced in their bow shocks. A
substantial fraction of a virialized ensemble of ha-
los can have moderate supersonic velocities out-
side the central region of a rich cluster [41].

Dark matter halos of supersonic and super-
alfvenic velocities will create collisionless bow
shocks of moderate Mach numbers M < 3,
due to electromagnetic interaction between co-
moving baryonic matter and the hot intra-cluster
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Figure 2. The modelled radio spectrum of a clus-
ter, after weighting individual halo spectra [9].
The bow-shock Mach number distribution for the
cluster was simulated in [41]. The model param-
eters are typical for the Coma cluster, of which
flux measurements are shown [23].

gas. The amount of comoving baryonic matter
depends upon the balance between ram-pressure
stripping and replenishment rates. Particles
are accelerated/re-accelerated locally by passing
shocks, producing the observed nonthermal emis-
sion with a rather high efficiency. To simulate
the spectra of nonthermal electrons in the galac-
tic halo a kinetic equation was solved for the dis-
tribution function of the electrons, accounting for
injection, diffusive transport, advection, the first
and the second order Fermi acceleration and syn-
chrotron and Coulomb losses [9].

There are three zones in the model: the pre-
shock region, the shock transition region, and
the post-shock flow, from where nonthermal emis-
sion from shock-accelerated particles originates.
The particle distribution is inhomogeneous in the
post-shock flow. The energy spectrum of the non-
thermal electrons in the galactic halo is shaped by
the joint action of the first and second order Fermi
acceleration in a turbulent plasma with substan-
tial Coulomb losses.

The cluster nonthermal emission spectrum can

be obtained by combining the emission from in-
dividual DM halos. This requires a weighting
with the halo velocity distribution function (as
derived from N-body simulations) and with the
mass function of galaxies in the cluster (see [9]).
Because of the radial increase of the halo velocity
dispersion and the radial decrease of the ICM gas
density, the integrated nonthermal emission from
supersonically moving halos will show an annular
structure. The rings should be apparent well out-
side the central region where halos are expected to
be slowed down by dynamical friction [41]. The
picture is likely for clusters without any recent
merging activity (as e.g. A2199)

Fig. 1 shows a simulated inverse-Compton and
bremsstrahlung vF, spectra [9]. As the used
model parameters can be considered typical for
the Coma cluster, the result is consistent with
the BeppoSAX flux measurements for Coma ~
1.4 x 1071 erg em™2 s7! (20-80 keV) de-
duced from [19]. Inverse-Compton radiation,
bremsstrahlung, and synchrotron radiation by
these electrons produce spectra that are in quan-
titative agreement with that observed from the
Coma cluster. Moreover, the relative increase of
hard X-ray emission outside the central 0.3-0.4
Mpc of the cluster A2199 can be understood in
this framework.

In Fig. 2 the radio synchrotron spectrum of
a cluster after averaging over the Mach-number
probability distribution is shown [9]. The mod-
elled radio synchrotron emission depends upon
the inter-cluster magnetic field which was ~
0.1pG [9]. The value is typical for all the models
where the hard X-ray emission is due to Compton
up-scattering of the 3K cosmic microwave back-
ground (CMB) radiation by radio emitting elec-
trons (e.g. [46,19])). That is often considered
as a potential shortcoming of the inverse Comp-
ton emission model, because of the magnetic field
values of > uG range deduced from Faraday ro-
tation measurements of background radio sources
(e.g. [24], but see also [40] for a critical review).
While the CMB photon field dominates in most
parts of a cluster volume there are also extended
DM halos (e.g. massive galaxies) filled with the
interstellar radiation field having substantial IR
and optical components. That allows to model
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the inverse Compton origin of hard X-ray emis-
sion from relatively low energy electrons (below
the GeV regime), while the observed radio emis-
sion is produced by electrons above a few GeV in
a pG magnetic field.
Recently we constructed a variant of the model

[9] where mildly relativistic electrons (of Lorentz
factors > 10) comprising the long-lived CR
electron population in the ICM (c.f.[15]) are re-
accelerated by the MHD-shocks from fast moving
DM halos (or from a merging event). The model
accounted for the diffusive shock acceleration and
the second order Fermi acceleration in the post-
shock flow. The energy efficiency problem is al-
leviated in the model in comparison with the
case of direct particle injection from the thermal
plasma. The modelled radio synchrotron emis-
sion spectrum reproduces that given in Fig. 2 for
inter-cluster magnetic field ~ 1uG. The inverse
Compton components were calculated under the
assumption that the radiation fields of the fast
moving halos are similar to that evaluated by [52]

for the outer Milky Way (i.e. the CMB with sub-

stantial IR and optical photon fields). In Fig. 3 we
show the IC components by the solid and dotted

curves calculated under somewhat different ratios

of the IR and optical fields. An alternative ap-

proach to reconcile the puG inter-cluster magnetic

fields with diffuse hard X-ray and radio emission

is to exploit unsteady nonthermal particle distri-
butions (e.g. [44]).

A recently proposed project of a hard X/~-ray
(100 keV- 2 MeV) telescope — the Compton Cube
[29] — could be used to test the predicted hard
X-ray emission from clusters like Coma. With
a modest angular resolution about 2 degrees, it
could detect energy flux ~ 107! erg cm=2 s~}
above 100 keV. Spatially resolved v-ray spectra
of clusters observed with the forthcoming GLAST
mission could strongly constrain the energetic lep-
ton component in the clusters.

3. NONTHERMAL EMISSION DUE TO
MINIHALOS ACCRETION ON A
MASSIVE GALAXY

The existence of DM satellites interacting with
massive galaxies is a prediction of the CDM hier-
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Figure 3. Nonthermal inverse Compton (the solid
and dotted curves) and bremsstrahlung (dashed
curve) spectra of an ensemble of fast moving halos
with account of the re-acceleration of electrons
from the ICM non-thermal pool.

archical model of cosmic structure formation (e.g.
[42]). High resolution N-body simulations of DM
substructure of the galactic halos (e.g. [28,36])
have predicted copious substructure DM satel-
lites within galactic halos. Observational data
concerning Local Group dwarf galaxies interac-
tions (e.g. that reviewed in [33]) indicated that
the predicted abundance of satellites of a circu-
lar velocity v. < 30 km s~! is higher than that
of the observed dwarf galaxies population in the
Local Group. A satellite with a bound mass M,
within a bound radius 7, has the circular velocity
Ve = (GMb/Tb)l/Q.

There are some ways to solve that problem in
the frame of the CDM model. The suggested sup-
pression of gas accretion and star formation in
low-mass halos could be a solution of the dwarf
satellite problem (e.g. [42] and the references
therein). An elegant hypothesis concerning a
possible link between the observed High Velocity
Clouds (HVCs) and DM clumps was suggested in
[4]. In that model HVCs originally detected due
to their 21 cm radio emission are the ”missing”
DM halos and they are remnants of the Local
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Group building blocks [4]. Another possible way
to reconcile the hierarchical model predictions
with dwarf galaxies observations is to suppress
the small-scale end of the spectrum of primeval
fluctuations of DM distribution.

It has been pointed out in [36] that the DM
satellites are on orbits that take a large fraction of
them through the stellar disk leading to a signifi-
cant number of disk-satellite interactions. Thus it
seems important to investigate possibilities of the
presence of multiple low mass satellites orbiting
within a virial radius of a galaxy. Those inter-
actions result in accretion of low-metallicity gas,
hitting the galactic disk and possibly generating
nonthermal particle acceleration. The energy re-
lease of the infalling DM matter is > 10%! ergs™!
assuming the infalling velocity is > 200 km s™!.
Observations and some indirect arguments (e.g.
[4]) point to present-day baryonic matter accre-
tion rates of ~ 1My yr~! and an associated DM
accretion rate of ~ 8Mg yr—1.

Fig. 4 shows the simulated vF), spectra of the
galactic nonthermal diffuse emission due to large-
scale shocks produced by accreting mini-halos
(i.e. HVCs). We used the interstellar radiation
field described in [52] to calculate the inverse-
Compton emission of shock accelerated electrons.
The bremsstrahlung contribution comes from the
electron interaction with a galactic HI disk of
half-thickness ~ 100 pc. There are also other
sources of the diffuse hard emission due to cosmic
ray interactions with galactic matter and radia-
tion (see e.g. [52] and references therein). How-
ever, nonthermal emission calculated for the lo-
cal galactic cosmic ray spectra can not explain
the GRO EGRET observation in the GeV regime
(e.g. [52]). The contribution from the accret-
ing DM satellites could be important to under-
stand the apparent excessive emission in the GeV
regime observed by GRO FGRET. On the other
hand, the observations of diffuse high energy
emission from the Milky Way and other massive
galaxies could be a powerful tool to constrain the
satellite-galaxy interactions. There is some obser-
vational evidence for an additional heat source in
the warm ionized medium in the Galaxy [48]. The
required heating rate is ~ 1072° erg ecm™3 s~}
and should scale with the density of the ambient
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Figure 4.  Simulated diffuse ~-ray emission

from nonthermal electrons accelerated by large
scale shocks produced by DM satellites accret-
ing onto the Milky Way. The solid line is the
bremsstrahlung emission and the dashed line is
the inverse Compton.

electrons o n¢ with ¢ < 1 [48], to supplement the
gas heating due to photoionization which scales
as oc n2. The heating due to accretion flow dissi-
pation could help to solve the problem.

4. SNRs IN THE GALACTIC CENTER
REGION

Supernova explosions in a dense ambient
medium should result in fast conversion of the SN
energy into emission (e.g., [59,12,10,8]). Interac-
tion of a SNR with a molecular cloud manifests
itself as a number of spectacular appearances in a
wide range of wavelengths from radio to gamma-
rays. The propagation of a radiative shock wave
through a molecular cloud leads to a substantial
non-thermal emission both in hard X-rays and
in v-rays. The complex structure of a molecu-
lar cloud consisting of dense massive clumps em-
bedded in the interclump medium could result
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in localized sources of hard X-ray/y-ray emission
correlated with bright molecular emission [8]. It
has been shown that hard X-ray and vy-ray emis-
sion structure should consist of an extended shell-
like structure (appearing also in radio as a shell
with a relatively flat spectrum) related to the ra-
diative shock and localized sources correspond-
ing to shocked molecular clumps. The shocked
clumps would have (sub)parsec scales and emit
very hard X-ray continuum spectra. Here we shall
discuss another phenomena of SN activity in the
dense environment of the Galactic Center (GC)
— a potentially abundant class of hard faint X-
ray sources powered by interaction of fast moving
knots with dense medium [7].

Recently the Galactic center region was deeply
studied with the Chandra observatory [2,32,58,37,
38]. With a deep 590 ks Chandra exposure of a
17" x 17 field in the GC region Muno et al. [37]
catalogued 2357 X-ray sources limited in luminos-
ity by Ly > 103! erg s~! (2.0-8.0 keV). A sub-
stantial part of the Chandra sample sources po-
sitions is projected into the Circum-Nuclear Disc
[34] between 1.7 and 7 pc around the GC that
contains ~ 10°M, of highly clumped matter.

4.1. SN ejecta fragments

Multi-wavelength studies of SNRs have re-
vealed a complex structure of metal ejecta with
the presence of fast moving isolated fragments of
SN ejecta, interacting with the surrounding me-
dia. In the optical the multiple fast moving knots
(FMKs) were observed outside the main shell of
Cas A (e.g.[11,16]) and in some other SNRs. Op-
tical FMKs in Cas A are very abundant in O-
burning and Si-group elements. They have a
broad velocity distribution around 6,000 km s~!
and apparent sizes below 0.01 pc. The optical
knots in Cas A should have Ly < 1029 erg s~!
because of the low ambient density. The similar
FMKs in the dense environment of the GC re-
gion would have L, > 1030 erg s~! with bright IR
counterparts [6]. In a low density medium only
relatively big FMKs can be observed in X-rays,
like the Vela shrapnel A. Chandra and XMDM-
Newton observations revealed there a head-tail
structure with a prominent Si line, indicating that
the object is a fast ejecta fragment of the scale ~

0.3 pc [1]. Some of the hard X-ray sources de-
tected with XMM-Newton in IC 443 are likely to
be fragments of the SN ejecta of size below 0.1 pc
interacting with a molecular cloud border [5].
An ensemble of hard X-ray point-like sources
associated with fast moving supernova ejecta
fragments is abundant and can account for the ob-
served properties of the detected GC sources such
as the hardness ratios and the logN—logS distribu-
tion. We simulate X-ray spectra of the FMKs of
different velocities in the GC environment. In our
model the hard X-ray emission of FMKs is due to
both hot thermal postshock plasma and nonther-
mal particles accelerated at the bow shock. The
particles propagate through a metal-rich clump,
producing K-shell ionization line photons and
hard nonthermal bremsstrahlung. It should be
noted that most of our simulations are relevant to
any kind of FMKs that are not necessarily orig-
inating from SN activity. They could be ejected
by compact objects like Sgr A* or other objects.

4.2. X-ray emission of FMKs in the (Galac-
tic Center region

Consider an FMK propagating through the
intercloud gas which pervades the central 50
pc with an estimated average density of some
102 cm™2 and an atomic hydrogen mass of ~
10Mg [34]. That is about one half of the to-
tal mass in this region. The matter is highly
clumped. The magnetic field in the GC region is
of mG strength, and provides a substantial con-
tribution to the total pressure.

There are many early-type stars in the GC
with more than two dozens of blue supergiants,
providing the luminosity of the central parsec of
~ 108 Ly , supernova remnants, dense molecular
clouds, extended magnetic structures, evidence
for high star-forming activity in the past (a few
107 years ago) (e.g., [34]).

Massive star winds would change the circum-
stellar environment, creating caverns of low den-
sity matter. In that case the lifetime of fast frag-
ments of a core-collapsed SN should be longer
than Ry /vk, where Ry, is a wind bubble size. The
typical scale is Ry, ~ 3 pc for a WR star, while
Ry, is ~ 1 pc for O9-B0O progenitor stars in the
GC environment. The corresponding lifetimes
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are ~ 103 years. The collective effect of pow-
erful stellar winds in compact associations could
blow out more extended caverns, providing some-
what longer lifetime of the fragments of the SNe
exploded inside the cavern.

The lifetime of an FMK in a dense medium is
an important factor for the model. A fast moving
knot is decelerating due to the interaction with
the ambient gas. The drag deceleration time of a
knot of velocity v, mass M and radius R can
be estimated as 7q4 ~ 103 - M_3/(na2vs R%,)
years. Here M_3 = M/1073Mg and R_o =
R/(0.01 pc). The number density 1,2 of the am-
bient matter is measured in 100 cm™3 and the
FMK velocity vg is measured in 1,000 km s~*. In
the inner 20’ of the GC region the average num-
ber density n, > 100 cm™3 (e.g. [34]) and the
fragment deceleration time 74 < 10? years.

The high pressure gas in the head of a fast
moving ejecta fragment could drive an internal
shock resulting in the knot crush and fragmenta-
tion (e.g.[27,57]). The fragmentation time scale
could be somewhat less than the drag decelera-
tion time 7q. However, the FMK will be a source
of hard X-ray emission even at the fragmented
stage if the strong forward shock is still driven by
the FMK. The effects of nonthermal particle ac-
celeration reduce the postshock gas pressure and
the internal shock velocity, thus increasing the
crushing time [6]. In that case the life time would
be close to 74, unless the ablation processes. The
effect of magnetic fields and nonthermal particles
on the knot ablation is not yet studied.

Supersonic motions of the FMKs in the am-
bient medium result in a bow-shock/knot-shock
structure heating the postshock plasma and accel-
erating the fast particles. Both thermal and non-
thermal emission of postshock plasma can pro-
duce X-ray photons.

4.3. Thermal emission of FMKs

Thermal emission of the hot postshock plasma,
could be observed from some FMKs even from
the highly obscured GC region. The postshock
ion temperature (measured in 107 K) can be esti-
mated as Ti7 ~ 1.4 v3 for the simplest single-fluid
case of a plasma of the solar abundance. The elec-
tron temperature just behind a strong shock is
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Figure 5. Simulated spectrum of nonthermal

emission of an FMK of mass M =~ 1073Mg ,
(with ~ 107*My of Fe) in an ambient medium
of n =100 ¢cm~3. Radius is R = 3 x 10® ¢cm and
velocity v & 5,000 km s~! [7].

typically much lower. In the postshock layer the
electron and ion temperatures equilibrate due to
Coulomb collisions on a timescale to;. The max-
imum electron temperature in the postshock re-
gion can be estimated from the relation 7q > tq;

providing T < 7. ./\/ll,/?)2 - R”5. Note that the

e
maximal electron temperature can be achieved

only for FMKs with vg > 2.3 - Ml,/; ~R:;/2.
Thermal bremsstrahlung luminosity of the thin
postshock plasma Ly is ~ 6-1031-R3 , -n2, ~T618/2
erg s~1.The FMKs of that luminosity can be ob-
served from the GC region with Chandra and
XMM-Newton . Note that Lty o nﬁ and thus
we have much better chances to observe the X-
ray emission from individual FMKs in the GC re-
gion. In the low density medium only a collective
emission of multiple FMKSs could be detected.

4.4. Nonthermal emission of FMKs
Energetic nonthermal particles accelerated by

the Fermi mechanism in MHD collisionless shocks

diffuse through the hot postshock layer and a cold
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Figure 6. The nonthermal X-ray continuum lumi-
nosity (at 1 keV) of FMKs of different velocities

v in an ambient medium of n = 100 cm™3.

body of a metallic knot, suffering from Coulomb
losses and producing hard X-ray emission both
in lines and continuum [6]. The accelerated elec-
tron distribution was simulated using the kinetic
description of charged particles interacting with
a strong MHD shock. The X-ray line emission is
due to K-shell ionization by nonthermal and ther-
mal particles accelerated by the bow shock and
then propagating through a metal-rich clump.
Mildly relativistic particles have a high penetrat-
ing ability in the knot and the K-shell ionization
cross-section has an upturn near relativistic elec-
tron energies [6]. Compact dense knots could be
opaque for some X-ray lines. The optical depth
effect due to resonant line scattering is important
and is accounted for in the model [6].

In Fig. 5 we present a simulated spectrum
of the nonthermal X-ray emission from an FMK
of size 0.01 pc size and mass M ~ 1073 Mg
dominated by oxygen and containing about ~
107* Mg of Fe. The knot of velocity v =
5,000 km s~! is moving through an ambient gas
of ny = 102 cm 3.

The nonthermal bremsstrahlung spectrum in
Fig. 5 is a power law of photon index I' ~ 1.2

with a prominent Fe line. The photon index de-
pends on the model of particle diffusion inside the
FMK and the rate of nonthermal ions injection
[6], with indices between 0 and 1.5 [7].

In Fig. 6 we show the simulated dependence of
the nonthermal X-ray luminosity on the fragment
velocity for the same FMK model. The power-law
scaling Lx o v¢ with ¢ ~ 0.6 fits the simulated
data for the FMK velocity range 1.8 < vg < 7.

Any SN event in the GC region is expected
to produce many hundreds of fast moving frag-
ments of mass ~ 1073Mg . If a SN ejects N, ~
500 FMKs of velocity 5,000 km s~!, the FMKs
would carry about 10% of the SN kinetic energy.
Three SNRs during the last 1000 years could pro-
duce an ensemble of more than 1,500 FMKs in
the GC region providing a normalization of the
logN—-logS distribution. The logN-logS distribu-
tion index and the hardness ratios of the FMKs
[7] are consistent with the Chandra findings.

Fast moving SN ejecta fragments interacting
with the dense GC environment provide a fast
conversion of SN kinetic energy into IR and X-
ray emission. The X-ray spectra of the fragments
(with Ly < 1033 erg s=! per FMK) are hard.
They contain thermal and power law components
with possible Fe lines. Both 6.7 and 6.4 keV lines
are expected, depending on the FMK ionization
structure and the relative strength of the nonther-
mal component. The total equivalent width is
about 500 - 600 eV for a Fe mass of ~ 1074 M, .
The hardness ratios hr = (h — s)/(h + s) were
simulated. The numbers of counts in the high en-
ergy band h (4.7-8.0 keV) and low band s (3.3-4.7
keV) were chosen for hard color, and h (3.3—4.7
keV) and s (2.0-3.3 keV) for medium color.

The spatial density of the FMKs brighter than
some fixed luminosity Ly scales as o< n)(r) with
the ambient gas density. This is because Ly o n¥
for a single FMK,while the lifetime oc n;t. The
index v = —v(a + 1) — 1 depends on the logN—
logS distribution index «. For the thermal emis-
sion model v = 2. This implies a global decrease
in the spatial density of the sources o< n2-4(r) (for
a = — 1.7) away from Srg A*, though strong lo-
cal fluctuations could appear. The apparent sur-
face density of the FMKs would depend on the
symmetry of the SN distribution (e.g. disk or
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spherical). The global distribution of the FMKs
in the GC is expected to be an ensemble of co-
herent shell- and jet-like structures of scale a few
arcminutes.

The ensemble of unresolved faint knots of
galactic supernovae can contribute substantially
to the hard continuum and the iron line emission
observed from the Galactic Center region and the
Galactic ridge (c.f. [54]).
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