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Galactic origin of ultrahigh energy cosmic rays
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It is shown that the acceleration of particles by a powerful relativistic jet associated with the activity of a
supermassive black hole in the Galactic Center several million years ago may explain the observed cosmic
ray spectrum at energies higher than 10'5 eV. The accelerated particles are efficiently confined in the
extended magnetized gas halo created by the supernova and central black hole activity just after the
formation of the Galaxy. We found that both the heavy and light chemical composition of ultrahigh energy

cosmic rays can be consistent with observations.
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I. INTRODUCTION

The prevailing point of view is that the origin of
observed ultrahigh energy cosmic rays (UHECRs) is
extragalactic. It is primarily due to the observations of
astronomical objects with high energetics, which is
required for accelerating to ultrahigh energies, in other
galaxies. These are jets in active galactic nuclei (AGN),
gamma-ray bursts, tidal disruption events, etc. [1-3].

However, such objects are at times present in our
Galaxy. In particular Fermi and eROSITA bubbles [4,5]
are probably linked with the past activity of a super-
massive black hole (SMBH) in the Galactic Center.
Cosmological simulations of the Milky Way and
Andromeda-like galaxies [6] demonstrated periodic activ-
ity of a SMBH every 10® yr with a peak mechanical
luminosity of about 10* ergs!.

If so, some amount of high energy cosmic rays may have
been produced during the periods of activity. Models of this
kind have already been suggested in the past [7-14]. The
possibility to observe these cosmic rays critically depends
on the confinement of particles in the Galaxy.

It appears that this confinement has the potential to be
better than previously thought. It is known now that the
Milky Way and other galaxies are surrounded by huge
halos of hot gas [15]. The gas contains both primordial
accreting gas and Galactic gas that was ejected from the
Galaxy during early epochs of enhanced star formation and
SMBH activity. Since the Galactic magnetic fields were
also ejected by the outflows we expect rather effective
confinement of particles in such extended (several hundred
kpc in size) halos.

Our preliminary model of the acceleration and propa-
gation of UHECRs from nearby SMBHs in the Galactic
Center and Andromeda galaxy [16] (Paper I) is further
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elaborated in the present paper. Three components of
particles accelerated in the jet were considered in this
model. The lowest energy particles are accelerated at the
bow shock of the jet by the diffusive shock acceleration
(DSA) mechanism [17-20]. The highest energy particles
are accelerated in the jet itself via the shear acceleration
[21,22] or via DSA at the termination shock of the jet. For
spectral continuity, a third intermediate component of
accelerated particles was introduced. It could be related
to the acceleration in the turbulent jet cocoon or the
acceleration in the SMBH magnetosphere [23-26].

In the present paper, we concentrate on the propagation
of UHECRs from the Galactic Center and check whether it
could considerably contribute to the observed spectrum of
UHECRs.

The paper is organized as follows: In the next Sec. II, we
in brief outline [16]. Section III provides a description of
magnetic fields in the Galactic halo. Section IV presents
the numerical results for the propagation of particles from
the Galactic Center. Sections V and VI contain the
discussion of results and conclusions. The Appendix
describes the numerical modeling of the extended gaseous
Galactic halo.

II. MODEL OF COSMIC RAY ACCELERATION
AND PROPAGATION

A detailed description of our model can be found in
Paper 1. The calculations of cosmic ray propagation include
the spatial diffusion, energy losses, and nuclei fragmenta-
tion of protons and nuclei traveling from the central
instantaneous point source. The source produces three
components of accelerated particles. Each component
has a spectrum that is described by the equation

© 2024 American Physical Society
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TABLE 1. Parameters of the source components in the Galactic Center for the model “light.”
Component 4 €max L, (E>1GeV) E.(E>1GeV) k(A)/ko(A)
Jet 1.0 4% 10" eV 1.3 x 10%7 ergs™! 4 x 107 erg 4A=42A/Z)?2 A>4
Bow shock 22 6 x 10 eV 6.9 x 10% ergs™! 2.2 x 107 erg 2,A=4,A/4,A>16,2A/Z,4 <AL 16
Inner jet 2.2 2x10'8 eV 2.1 x 10% ergs™! 6.6 x 10°* erg 0,A>1
TABLE II. Parameters of the source components in the Galactic Center for the model “heavy.”
Component 4 €max Ly (E>1GeV) E.(E>1GeV) k(A)/kg(A)
Jet 1.0 5x 10" eV 6.2 x 1037 ergs™! 2.0 x 107 erg 4,A=480,A>4
Bow shock 2.0 4 % 10%5 eV 1.1 x 10% ergs~! 3.5 x 10 erg 2,A=4A/4A>16,2A/Z,4 <AL 16
Inner jet 2.0 1.3 x 10'8 eV 1.9 x 10% ergs™! 6 x 10 erg 0,A>1
Ae the charge number 8 by a powerful x-ray radiation from the
-r —
q(e,A) x k(A)e™ exp < Zemax)’ (1) accretion disk. This gives k(A) = Aky(A)/4 for ions

where € is the energy per nucleon, A and Z are the atomic
mass and charge numbers, respectively, the function k(A)
describes the source chemical composition and can be
written in terms of the solar composition kg (A).

The parameters of the source spectra are given in Tables I
and II, as explained below.

Figure 1 shows the schematic view of the jet. The jet
drives a bow shock in the interstellar medium. This shock
accelerates particles through the DSA mechanism. The
chemical composition of accelerated particles depends on
the chemical composition of the interstellar medium and
the enrichment due to the preferential injection of ions in
comparison to protons. It was found in the hybrid modeling
of collisionless shocks [27] that this enrichment is propor-
tional to the ratio of the atomic mass to the charge of
injected ions. Thus we expect that function k(A) = 2kg(A)
for fully ionized He ions. When it comes to heavier ions, we
take into account an enhanced metallicity 2 of the Galactic
bulge [28] and assume that ions are strongly ionized up to

interstellar medium (ISM)
£as

FIG. 1.
(right panel).

heavier than Oxygen and k(A) = 4k (A) for lighter ions.
In other words, the ions of the Carbon, Nitrogen, and
Oxigen (CNO) group are fully ionized.

The highest energy particles are accelerated in the jet
itself. The most probable mechanism is the shear accel-
eration that occurs in the vicinity of the boundary between
the jet and the surrounding medium [29]. We assume that
the injected ions are fully ionized in the jet.

To maintain spectral continuity, a third intermediate
component with light composition is necessary. In the
present paper, we consider a pure proton third component.
The existence of this component is validated by observa-
tions. It is known that particles are accelerated in the
vicinity of the SMBH and we observe a variable in time
radio, x-ray, and gamma emission in jets [30]. Although
this emission is probably of leptonic origin, the acceleration
of protons and nuclei is also highly probable. The asso-
ciation of observed astrophysical neutrino events with
blazars supports this scenario [31]. An important point is
that accelerated nuclei are fully photodisintegrated and

hot magnetized
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Milky Way halo
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Schematic view of the jet (left panel) and hot magnetized halos of the Milky Way (MW) and Andromeda galaxy (M31)
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protons are subject to energy losses in the strong radiation
field. They escape the jet via the neutron production
mechanism [32]. Because neutrons don’t interact with
magnetic fields, the spectrum of escaped neutrons is similar
to the proton spectrum inside the jet. Later the neutrons
decay and turn into protons. As for the acceleration
mechanism, it can be either shear acceleration or accel-
eration during multiple magnetic reconnection events [33].
The latter seems to be possible close to SMBHs where the
jet is Pointing dominated.

The shear acceleration can reaccelerate the low energy
protons and nuclei of the intermediate component at large
distances from the SMBH when the radiation field is not
strong. In this regard, there is a correlation between the
intermediate and the highest energy components. There is
an additional enrichment of nuclei by a factor of (A/Z)%
related to this reacceleration. Here Ay = 1 is the difference
of spectral indexes. This gives k(A) = 4ky(A) for fully
ionized Helium ions and k(A) = 2(A/Z)?*ke(A) for fully
ionized heavier ions of the highest energy jet component.
The additional factor 2 comes from the higher metallicity of
the Galactic bulge.

To describe particle diffusion, we use an analytical
approximation of the diffusion coefficient in an isotropic
random magnetic field with the Kolmogorov spectrum [34],

cl, [ E? E E'/3
Ec = ZeBlL. =0.9 EeV x ZBpGlL‘,kpC’ (2)

where E is the energy of the particle, B is the magnetic field
strength and /. is the correlation length of the magnetic
field. At large energies E > E,. the scattering of particles
occurs on the magnetic inhomogeneities with scales smaller
than the particle gyroradius and the diffusion coefficient is
proportional to E2. At lower energies E < E, the resonant
scattering results in the energy dependence of diffu-
sion ~E'/3,

III. HOT MAGNETIZED GALACTIC HALOS

Rapid energy release and the creation of strong outflows
(galactic winds) are the results of an enhanced star formation
and accretion onto the central supermassive black hole
shortly after a galaxy formation. A developing cavity was
created in the circumgalactic medium by a hot gas that was
ejected and heated by a wind termination shock. In cosmo-
logical models, galaxies with strong AGN feedback are
shown to have extended ‘“bubbles” of multi-Mpc size,
whereas galaxies with a weaker supernova feedback have
smaller bubbles of sub-Mpc size [35]. Figure 1 depicts a
schematic view of the halos that are thought to have evolved
around the Milky Way and Andromeda galaxy.

Galactic magnetic fields are also ejected by the outflows
[36]. It is expected that they are amplified by a so-called

Cranfill effect [37,38] downstream of the termination
shock. Although the gas energy density is higher than
the magnetic energy density just downstream of the
termination shock, the radial contraction in the incom-
pressible expansion flow results in the amplification of the
nonradial components of the magnetic field. The magnetic
field strength increases proportional to the distance. As a
result, the thermal and magnetic energies are comparable at
large distances, see the Appendix. We expect isotropy of
the random fields because of the turbulent gas motions
generated by clouds of accreting colder and denser circum-
Galactic gas inside the bubble of the shocked Galactic gas.

We can obtain a rough estimate of the magnetic field
strength in the Milky Way extended halo. It is assumed that
1% of the Galactic 10'" stars ended their lives as super-
novae. For the standard supernova energy 10°' erg, we
obtain the total energy of 10°° erg. In addition, our SMBH
in the Galactic Center has the mass 4 x 10°M and the
corresponding rest mass energy 7 x 10%° erg. Assuming
that 10% of this energy goes into the outflows during
SMBH growth and taking into account 30% of the super-
nova energy we obtain a total of 10% erg. Then the total
energy density of the gas and magnetic field is equal to
1.3 x 10713 ergem™ for the bubble radius R = 400 kpc.
The corresponding equipartition magnetic field strength
is 1.3 pG.

Note that the mean magnetic field strength of 0.5 pG
along the line of sight at 100 kpc galactocentric distances
was estimated from the recent measurements of the Faraday
rotation performed for different samples of galaxies
[39,40]. The actual value can be higher because of the
field reversals and a lower gas number density than
assumed n = 107* cm™3. Hence our rough estimate is in
accordance with observations.

IV. NUMERICAL RESULTS

We model the propagation of particles in the spherical
simulation domain with radius R = 400 kpc where an
absorbing boundary condition is set. It is assumed that
the Galactic Center source is in active phase every
100 million years. The age T of the Fermi and eROSITA
bubbles considered as a result of the last active phase is not
exactly known. We analyze two models of bubble for-
mation at 7 =3 (“light”) and 7 = 15 (“heavy”) million
years ago. The parameters of the source spectrum are
adjusted to reproduce observations and are given in Tables |
and II. They contain the cosmic ray energy of every
energetic component E.. per one activity event and the
mean cosmic ray luminosity L. averaged over 100 million
years. The contribution of the Galactic Center in observed
UHECRs is dominated by the last active event while more
ancient events are important for extragalactic contribution,
see below.
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FIG. 2. Source spectra of protons (solid line), He nuclei (dashed line), and Iron (dotted line) produced in the Galactic Center in models

“light” (left panel) and “heavy” (right panel).

The source spectra of protons and nuclei are shown
in Fig. 2.

For the model “light” the enrichment of the highest
energy jet component by heavy nuclei is not needed
because Helium nuclei have no time for the photodisinte-
gration. The random magnetic field strength B = 1 pG and
the correlation length /. = 80 kpc are accepted. For the
model “heavy” we use lower values of the magnetic field
strength B =0.5pG and the correlation length
. =40 kpc. The heavy nuclei in the model “heavy” are
10 times more abundant in comparison to the model “light.”
This is because these nuclei contain only 1% of mass in the
interstellar medium and this is not enough to explain the
chemical composition of observed UHECRs.

For such magnetic field and correlation length the
scattering free path of particles A is small enough to justify
the use of the diffusion approximation. For example, it is
close to 4 = 130 kpc for highest energy Helium nuclei with
energy E =7 x 10! eV in the model “light.”
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FIG. 3.

We also calculate a possible extragalactic contribution
for both models. We use in this case the simulation domain
with a radius R =2.4 Mpc and a reflecting boundary
condition that is a zero gradient of cosmic ray distribution
at the boundary. This implies the mean distance 4.8 Mpc
between extragalactic sources and corresponds to the
source number density of 0.01 Mpc~3. All sources have
identical spectra shown in Fig. 2. The particles are released
every 100 Myrs. The magnetic field strength B = 10710 G
was assumed in this case.

The calculation is performed up to the maximum redshift
z = 1inaflat universe with the matter density ,, = 0.3, the
dark energy density €, = 0.7, and the Hubble parameter
H=70kms™'Mpc~! at the current epoch. The strong evo-
lution of sources with a factor (1 + z)* is taken into account.

For calculations of distribution for atmospheric depth of
shower maximum X, we use the analytical parametriza-
tion from [41,42].

The results are shown in Figs. 3-7.

F(E)E?, 10°® eV2 km ™2 yr~1 sr!
92 “heavy”
1

Spectra of different elements and all-particle spectrum (thick solid line) produced in the Galactic Center and observed at the

Earth position in models “light” (left panel) and “heavy” (right panel). A possible metagalactic contribution in the all-particle spectrum
(MG) is shown by the thin solid line. Spectra of Tunka-25, Tunka-133 array ([43], open circles), and PAO ([44], energy shift +10%,

black circles) are also shown.
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FIG. 4. Calculated mean logarithm of atomic number A (solid line) for the model “light” (left panel) and model “heavy” (right panel).
The measurements of Tunka-133, TAIGA-HiSCORE array ([45] open circles), and PAO [hadronic interaction model QGSJetII-04
(black circles) and SIBYLL2.3 (asterisks), energy shift +10% [46]] are also shown.
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FIG. 5. Calculated mean atmospheric depth of shower maximum (X, (left panel, thick lines), its variance ¢(X ,,,) (right panel,
thick lines) for the model “light” and the corresponding curves for pure proton and Iron composition (thin lines). The hadronic

interaction models used are EPOS-LHC (solid lines), QGSJetlI-04 (dashed lines), and SIBYLL2.3d (dotted lines). The measurements of
Tunka-133, TAIGA-HiSCORE array ([45] open circles), and PAO (energy shift +10% [47], black circles) are also shown.

100 —

800
700

600 — 27

500 —

E, EeV B, BeV

FIG. 6. Similar to Fig. 5, but for model “heavy.”

023016-5



ZIRAKASHVILI, PTUSKIN, and ROGOVAYA

PHYS. REV. D 110, 023016 (2024)

anisotropy %

T o

ol “light” t

“heavy”

0.01 0.1 1 10 100
E, EeV

anisotropy %

100 200 kpe GC shift
50 -
20 |-
10 ¢
5 t
2 [ “ lightﬁ *
1 —
0.5~ . “heavy”
02~ T \
J | | | |
0.01 0.1 1 10 100
E, EeV

FIG. 7. Calculated cosmic ray anisotropy (solid lines) for the Milky Way situated in the center of the extended halo (left panel) and
shifted on 200 kpc in the Andromeda direction (right panel). The results of PAO (energy shift +10%, [48] black circles) and the

KASCADE-Grande experiment ([49] open circles) are also shown.

The spectra observed at the Solar System location at the
Galactocentric distance r = Ry = 8.5 kpc are shown in
Fig. 3. Both models reproduce the observed all-particle
spectrum. The “light” model is in better agreement with
the observed chemical composition if the interaction model
QGSJetll-04 is used (see Figs. 4 and 5). The unusual bump at
the variance o(X ) curves at the energy 10'7 eV appears
because protons of the intermediary component and Iron
nuclei of the bow shock component give the main input in all-
particle spectrum at these energies. The Iron nuclei and
protons have large difference of the mean depth (X,..)
and this results in the large variance 6(X ). The model
“heavy” is preferable for the explanation of the observed
anisotropy (see Fig. 7). Relatively high anisotropy at PeV
energies in the model “light” is not a serious problem because
the anisotropy at these energies is strongly influenced by the
local Galactic magnetic fields. This effect is not taken into
account in the present study. The numerical value of the
calculated anisotropy dis closeto d = 1.5R/cT which s the
anisotropy of the instantaneous point source in the infinite
space. Its value can be higher if the Galaxy is shifted from the
halo center (see the right panel of Fig. 7 and the discus-
sion below).

V. DISCUSSION

The maximum energy of particles accelerated at the
nonrelativistic bow shock is determined by the nonresonant
cosmic ray streaming instability [50] (see Paper I for details),

b Tesc

= = L.c~!
€max 21H(B/Bh)e ﬂhead i€

L 12
—173x 100 eVt __pl2 (= )"
x ¢ 21In(B/B,)" "\ 10* ergs~!

(3)

Here, f}c.q 18 the ratio of the speed of bow shock “head” to the
speed of light ¢, L; is the total power of two opposite directed
jets, and 7. is the ratio of the energy flux of runaway
accelerated particles to the kinetic flux of the shock. The
logarithmic factor in the denominator corresponds to the
situation when the seed magnetic field B, is amplified in
the upstream region of the shock up to values of B via cosmic
ray streaming instability.

The parameter 7. is close to 0.01 for shocks where the
pressure of accelerated particles is of the order of 0.1 of the
shock ram pressure and can be higher at cosmic-ray-
modified shocks. The protons can be accelerated up to
multi-PeV energies at the jet bow shocks at 7., = 0.01,
ﬁhead =0.1 and ln(B/Bb) =S5.

Our modeling shows that particles with energies above
10" eV can be produced in the Galactic Center and
observed at the Earth.

Below PeV energies, the particles have no time to reach
the Earth and we expect a smooth low energy cutoff of the
spectrum. Lower energy particles are probably produced
in Galactic supernova remnants. In this regard, our
scenario is similar to the model with a nearby source
[51]. This model was suggested for the explanation of
the “knee” in the observed cosmic ray spectrum. The
similar in spirit origin of UHECRs diffusing from the
point source in the Galactic Center was also considered in
the past [9].

It is known that the electric potential difference is a
reasonable estimate for the maximum energy of particles
accelerated at quasiperpendicular shocks [52]. For exam-
ple, single-charged anomalous cosmic rays are accelerated
up to hundreds MeV at the solar wind termination shock
with the electric potential 200 MV [53]. The jet electric
potential is also a good estimate for the maximum energy as
seen in trajectory calculations [33,54].
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The corresponding value is

Ehax = €4/ BiLmagc™ = 1.73 x 10 eVp//?
Lmag 172
% (1044 erg s‘1> ’ (4)
where L, is the magnetic luminosity of two opposite jets;
see Paper I for details.

So the jet power ~10% ergs~! is needed to achieve the
maximum energy of 4 x 10'° eV in the “light” model. It
means that the Galactic Center SMBH with Eddington
luminosity Lggq = 5 x 10* ergs™' was an Eddington or
super-Eddington source during the past active phase. The
duration of this phase was only 30 kyrs to supply 10°7 erg
of energy in eROSITA bubbles.

A similar jet power is needed in the model of eROSITA
and Fermi bubble formation [55]. In this model, a short
energetic event in the Galactic Center 2.6 million years ago
produced jets moving in the Galactic halo. After the jet’s
disappearance, the bow shock of the jet propagated to larger
heights and is observed now as the eROSITA bubbles. The
Fermi bubble is a heated jet material inside the eROSITA
bubbles. The main difficulty of the model is a high shock
speed of 1-2 thousand kms~!. The lower shock speed
~350 kms™' was inferred from the gas temperature in
eROSITA bubbles [5]. However, recent x-ray observations
show the presence of more hot gas [56] and the shock speed
can be higher.

It was also found that the properties of young stars in the
vicinity of Sagittarius A can be explained if they were
formed from the massive gas shell ejected by a central
energetic super-Eddington outflow 6 million years ago
[57]. A similar high ionization energetic event 3.5 million
years ago is needed for the explanation of the ionization
cones in the Galactic halo [58]. Ionization cones of this
kind produced by AGN outburst 65 kyrs ago also exist in
the vicinity of Seyfert galaxy NGC 5252 [59].

The last Galactic Center activity was probably distrib-
uted in time. For example, it began 15 million years ago
with a moderate power and produced the shock with the
present speed of 350 kms~!. There was an additional
powerful energy release at the end of activity 3 million
years ago that produced the Fermi bubbles. This age of the
Fermi bubbles is also in agreement with the x-ray absorp-
tion study [60].

In this regard the past activity in the Galactic Center is
similar to the activity of Narrow Line Seyfert 1 (NLSy 1)
galaxies. This Seyfert-like activity with the Eddington
luminosity is observed in spiral galaxies with small or
moderate SMBHs. About 7 percent of these galaxies have
jets. The jets directed to us are similar to blazars and are
observed as powerful gamma ray sources [61]. The number
of all jetted NLSy 1 galaxies corresponds to the fraction
107*-1073 of the bright galaxies. This gives an estimate for

the duration of an active phase 10°~10° years similar to the
parameters of the model “light.”

On the other hand, the lower maximum energy in the
model “heavy” can be achieved with the jet power of
the order of several percent of the Eddington luminosity.
The duration of the active phase is close to one million years
in this case.

The third intermediate pure proton component produced
near the SMBH is closely related to the production of
astrophysical neutrinos. This is because it comes from the
neutrons generated in py interactions. The ratio of the total
neutron and neutrino energies is close to 5 in this process
while the energy of individual neutrinos is 25 times smaller
than the neutron energy [62]. This means that the expected
metagalactic energy flux of neutrinos is 5 times lower than
the one of the corresponding protons. So we can compare the
energy flux of metagalactic component at 25 PeV shown in
Fig. 3 with the energy flux ~5 x 107! ergecm™2 s~ ! sr™! of
astrophysical neutrinos at PeV energies [31]. We found that
for the model “heavy” the expected flux of the astrophysical
neutrinos is two times lower than the measured flux.

As for the chemical composition of observed UHECRs
the “light” model without a strong enrichment by heavy
nuclei looks more attractive. The enrichment is expected in
the models with a reacceleration of preexisting low energy
cosmic rays in the jet [63,64]. However, it is not easy for
background cosmic rays to reach the jet itself because the jet
flow is surrounded by an extended region of the heated jet gas
(cocoon) and heated at the bow shock interstellar gas (see
Fig. 1). In such a situation the reacceleration of particles
accelerated at the bow shock might be more probable [16].

Future advances in the investigation of the chemical
composition of the highest energy cosmic rays will help
to choose the best model. This first concerns the contra-
dictions between the hadronic interaction models (see
Figs. 4-6). The dominance of Helium nuclei at the end of
the spectrum will be in favor of the Galactic origin of
UHECRSs (model “light””) because Helium nuclei with such
energies cannot come from the extragalactic sources. The
heavier composition will be in favor of the Galactic model
“heavy.” An extragalactic origin of UHECRs is also possible
in this case.

Further development of more realistic and less phenom-
enological models for particle acceleration in jets is also
needed since there are deviations of experimental and
simulated (X,.)> 0(Xmax) (see Figs. 5 and 6). We leave
this problem for future investigations.

A crucial assumption of our model is the strong magnetic
field of microgauss strength in the extended halo. For lower
values of the field it is impossible to explain the end of the
observable spectrum at energies above 10'® eV. In this
case, a contribution at the highest energies from more
distant nearby sources like Cen A radio galaxy [65] or
Andromeda galaxy [16] can play a role.

On the other hand if the extended halo with microgauss
magnetic fields indeed exists, then the cosmic ray spectrum
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and chemical composition at energies above 10'> eV can
be explained by the recent Eddington-like accretion event
in the Galactic Center. The assumed jet power
10%-10% ergs~! is 10° times higher than the one in our
Paper 1 where the Andromeda galaxy makes the main
contribution to the spectrum of UHECRs. Such a high
power is possible if the recent accretion event was similar to
the activity of NLSy 1 galaxies (see the discussion above).
This scenario suggested in the present paper seems to be
more probable because it is clear that some strong energy
release in the Galactic Center occurred 3—20 million years
ago, while the time of the ancient SMBH activity in the
Andromeda galaxy is unknown.

The simulated anisotropy is low in the models under
consideration. However, this is because we use the spheri-
cal simulation domain and observe cosmic rays close to the
center. Deviations from the spherical symmetry can result
in higher anisotropy, especially at the highest energies.

For example, one can expect such a deviation because of
the interaction with the Andromeda galaxy and because our
Galaxy is moving in the direction of Andromeda. SMBH in
the Andromeda galaxy is 50 times more massive than
SMBH in the Galactic Center. So it is expected that
outflows driven by AGN activity during the growth of
Andromeda’s SMBH produced a huge extended halo of the
hot gas with a size of several Mpc. The Milky Way’s
gaseous halo is smaller in size and located inside
Andromeda’s more extended halo (see Fig. 1). In this
situation, we expect that the Galaxy is shifted from its
gaseous halo center in the direction of Andromeda. This is
because the galactic wind of Andromeda pushed the
Galactic halo during its formation. The motion of the
Galaxy in the direction of Andromeda produced a similar
effect [66]. If the magnetic field is lower in Andromeda’s
halo, then the highest energy particles produced in the
Galactic Center escape easier in the Andromeda direction.
The diffusive flux is directed to Andromeda in this case and
we expect to see anisotropy from the opposite direction
which is approximately the direction of the radio galaxy
Cen A. The results for this case are illustrated in the right
panel of Fig. 7. The direction of the anisotropy is from the
Galactic Center at low energies. It changes to the direction
opposite to Andromeda at high energies. Observations of
the Auger Collaboration seems to confirm this pat-
tern [48,67].

VI. CONCLUSION

Our conclusions are the following:

(1) We model the propagation of ultrahigh energy
particles from the Galactic central source that was
active several million years ago and compare the all-
particle spectra, anisotropy, and chemical composi-
tion obtained with observations. If the active source
is less than 3 million years old, the Helium nuclei do

not have time for photodisintegration, and a model
using the light source composition (“light” model) is
possible. For older sources, severe enrichment by
heavy nuclei is required to explain the observed
spectrum of UHECR (“heavy” model).

(2) The necessary condition for both models is the
effective confinement of particles in the extended
(several hundred kpc in size) Galactic halo with
microgauss magnetic fields. It is expected that this
halo was produced by powerful Galactic wind driven
by the star formation and SMBH activity of the
young Galaxy. The Galactic magnetic fields were
transported to the halo and amplified by the Cranfill
effect (see the Appendix).

(3) The jet power must be close to the Eddington
luminosity in the model “light” to provide a high
enough maximum energy of accelerated particles.
Such a luminosity is observed at the active phase of
jetted NLSy 1 galaxies [61].

(4) We expect that the cosmic ray anisotropy at the
highest energies depends on the deviation from
spherical symmetry. If this deviation is caused by
the interaction with the Andromeda galaxy, the
anisotropy can be expected from opposite the
Andromeda direction. This is close to the anisotropy
pattern observed by the Pierre Auger Observatory.
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APPENDIX: MHD MODELING OF THE HOT
MAGNETIZED HALO

We performed simplified one-dimensional magnetohy-
drodynamic (MHD) calculations of the Milky Way halo
formation. The effects of rotation and radiative losses are
neglected. MHD equations for the gas density p(r, 1), gas
velocity u(r,t), gas pressure P,(r,t), and magnetic field
B(r, t) in the spherically symmetrical case are given by

p 10
ot =0, (AD)
opu 10 B*\ 2P
T (e ) =g 0
de 10 B
Sty rul et Pyt ) = —g(rpu, (A3)
0B 10Bur
o5 Lobur A4
at+r or (A4)
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The radial dependence of the gas density (thick solid line), the gas velocity (thin dashed line), the magnetic energy density

B?/8x (dotted line), the magnetic field strength B (thin solid line), and the gas pressure P, (thick dashed line) at ¢ = 5 Gyr (left panel)

and at the current epoch # = 13.7 Gyr (right panel).

yf_"l + g—; is the total energy density and
vy = 5/3 is the adiabatic index of the gas. Equations (A1)~(A3)
are the continuity equation, the momentum equation, and
the energy equation, respectively, while Eq. (A4) describes
the evolution of the nonradial components of the magnetic field.

The gravitational acceleration g(r) = V2/r is dominated
by the dark matter of the virialized isothermal halo with
parameter V. ~ 200 kms~!. At the initial instant of time
to = 1 Gyr after the Big Bang the density and gas pressure
are given by the expressions

_1,.2
where e = Jpu” +

V2 1,r <R
p= oty ' (A3)
4nGR;, | R} /r*,r > Ry,
Ve {(1+2ln<Rh/r))vr<Rh (A6)
9 8aGR; | R}/r*,r > Ry,

Here, G is the gravitational constant and 7, z% is the
baryon fraction. This initial matter distribution corresponds
to the situation when the gas in the central part of the
virialized halo at » < R;, & 150 kpc was cooled radiatively
and formed the Galaxy in the center. Half of this mass
~10" M will be ejected later, leaving the Galaxy with a
baryon deficit (“missing” baryons [68]).

The Egs. (Al)-(A4) are solved numerically at
r > Ry = 15 kpc. We use the Total Variation Diminishing
hydrodynamic scheme [69] with “minmod” flux limiter.
The mass loss rate 25Mg yr~! and energy power
8 x 10* ergs~! are fixed during 4 Gyr at the inner boundary
at r = R,. This release of 10° erg of energy and 10'' M, of
matter results in a powerful outflow (Galactic wind) with the

speed of about 900 kms~!. Its magnetization is provided by
the magnetic source at the inner boundary. Its strength is
adjusted to obtain the Mach number M, = u/V, = 4 of the
wind. The sources are switched off after t = 5 Gyr.

Figure 8 illustrates the results. The hydrodynamical
profiles at the end of the energy release at r = 5 Gyr are
shown in the left panel. The magnetic field is compressed at
the termination shock at r = 100 kpc and is further
amplified by the Cranfill effect. As a result, the magnetic
pressure is higher than the gas pressure at the edge of the
cavity at r ~ 500 kpc. The expansion of the cavity drives an
outer shock at » ~ 1 Mpc. At later times the termination
shock goes back to the Galaxy, the reflected shock makes
several oscillations and the system goes to the quasisteady
state at the current epoch—see the right panel. Probably a
weak additional release of energy and matter at t > 5 Gyr
could result in higher values of the density and magnetic
field at distances r < 100 kpc but can not change the
magnetic field and density distribution at larger distances.
We conclude that the microgauss magnetic fields in the
huge Galactic halo are indeed possible.

The final value of the halo magnetic field can be lower
for higher values of the Mach number M, that is for
the lower Galactic wind magnetization. Probably this
explains lower values of the magnetic field strength
B ~ 0.1 pG found in 3D MHD cosmological simulations
of Milky Way-like galaxies [70]. The corresponding
simulated rotation measure is lower than the recently
measured Faraday rotation for different samples of gal-
axies [39,40]. In addition, in a real three-dimensional
geometry the shell of the cavity is unstable relative to the
Rayleigh-Taylor instability, and “fingers” and clouds of
the denser outer gas penetrate the cavity.
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