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Abstract: The Fermi bubbles and the eROSITA bubbles around the Milky Way Galaxy are speculated
to be the aftermaths of past jet eruptions from a supermassive black hole in the galactic center. In this
work, a 2.5D axisymmetric relativistic magnetohydrodynamic (RMHD) model is applied to simulate
a jet eruption from our galactic center and to reconstruct the observed Fermi bubbles and eROSITA
bubbles. High-energy non-thermal electrons are excited around forward shock and discontinuity
transition regions in the simulated plasma distributions. The -ray and X-ray emissions from these
electrons manifest patterns on the skymap that match the observed Fermi bubbles and eROSITA
bubbles, respectively, in shape, size and radiation intensity. The influence of the background magnetic
field, initial mass distribution in the Galaxy, and the jet parameters on the plasma distributions and
hence these bubbles is analyzed. Subtle effects on the evolution of plasma distributions attributed to
the adoption of a galactic disk model versus a spiral-arm model are also studied.

Keywords: supermassive black hole (SMBH); jet; relativistic magnetohydrodynamic (RMHD) model;
Milky Way Galaxy; Fermi bubbles; eROSITA bubbles

1. Introduction

The Fermi and the eROSITA bubbles recently discovered were speculated to be the
aftermaths of past jet eruptions from the center of our Milky Way Galaxy [1-3] millions of
years (Myrs) ago. A supermassive black hole (SMBH) is commonly observed in the center
of a galaxy, which spews powerful kpc-scale jets intermittently [4,5].

Two 7-ray Fermi bubbles were manifested on the skymap in the range of £50° in
latitude, extending about 40° in longitude [2]. The plasma dynamics behind the Fermi
bubbles has been studied by applying various hydrodynamic (HD) or magnetohydrody-
namic (MHD) models and simulations. However, the time scales and jet parameters in
different models may deviate significantly since they cannot be directly observed [6-8].
In [6], Fermi bubbles were reconstructed by simulating an active galactic nucleus (AGN) jet
that erupted from the SMBH in the galactic center 1.2 Myrs ago with a 3D MHD model.
In [7], the morphology of Fermi bubbles was revealed by simulating an AGN jet that
erupted about 5 Myrs ago with an HD model, neglecting the effects of the magnetic field.
In [8], Fermi bubbles were studied by applying an MHD model, with a jet that erupted
about 2.6 Myrs ago.

The jet morphology and the spectrum of Fermi bubbles could be explained in terms of
cosmic rays [8], generated via leptonic, hadronic and in situ acceleration processes [9]. A
leptonic process may last for a few Myrs and a hadronic process may last for more than
10 Myrs. A hadronic process alone could not account for the observed emission spectrum;
hence, a hybrid model including cosmic-ray electrons from other sources was proposed [8].
Leptons, hadrons or their combination are accelerated by shocks to emit y-rays, manifesting
sharp edges of the bubbles. However, this model predicted constant volume emissivity,
which could not explain the flat surface brightness projected on the skymap [9]. An RMHD
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model may have a better chance to simulate the plasma distributions and subsequently
reconstruct the bubbles that match the observation in shape, size and radiation intensity.

In [10,11], the emission from Fermi bubbles was simulated by applying an MHD
model coupled with a diffusion-advection equation of cosmic rays. The emission spectra
of hadronic, leptonic and hybrid cosmic rays manifest similar features, with stronger
emission in X-ray and 7-ray from hadronic cosmic rays than from leptonic cosmic rays [10].
The X-ray and 7y-ray were mainly contributed via inverse Compton scattering, weakly
contributed by bremsstrahlung and negligibly by synchrotron radiation.

Tidal disruption events (TDEs) and winds from hot accretion flow have also been
proposed to explain the formation of Fermi bubbles [12,13]. In [12], the energy released by a
TDE of stars, triggered by an SMBH, was studied. Routine TDEs near a galactic center could
accumulate energy to form large-scale structures like Fermi bubbles. However, the mass of
a black hole at our galactic center is not sufficient to drive TDEs out of the surrounding
stars. In the simulation of [13], Fermi bubbles were inflated by the winds from past hot
accretion flow in Sgr A*, which lasted for about 10 Myrs and quenched 0.2 Myrs ago.

The eROSITA bubbles emitting soft X-ray were observed to manifest a roughly spheri-
cal shape, extending in the range of £80° in latitude and about 80° in longitude [3]. The
edges of eROSITA bubbles appear brighter and hotter than the ambient, consistent with the
features of a forward shock released from a strong energy release event at the galactic center.

The front edge of the eROSITA bubbles and the boundary between eROSITA and
Fermi bubbles are clues of past jet eruptions [3]. Four possible mechanisms were proposed
to explain the boundary between eROSITA bubbles and Fermi bubbles, including a forward
shock from a sequence of energy release events, a reverse shock, a wind-termination shock
and a contact discontinuity. If both the eROSITA bubbles and the Fermi bubbles were
driven by the same energy release event at the galactic center, the boundary between them
would be a contact discontinuity, and the front-edge of the eROSITA bubbles would be a
shock plowing through the halo gas.

Bubble-like structures were also observed around external galaxies [14,15]. In [14],
a diffuse y-ray halo, with a luminosity of (3.2 & 0.6) x 10® (erg/s) in 0.3-100 GeV, was
discovered around the Andromeda Galaxy M31 by analyzing the Fermi LAT data over
almost 7 years. Two 6-7.5 kpc bubbles, symmetrical about the M31 galactic disc, were
revealed by using a best-fit halo template. The bubbles looked similar to the Fermi bubbles
around our galactic center. Similar eROSITA bubbles around M31 were also conjectured.
In [15], a nuclear superbubble emitting hard X-rays was observed on the southwest side of
the galactic center of NGC 3079. No hard X-ray emission was detected on the northeast side,
which could not be explained with inverse Compton scattering or stellar X-ray sources.
However, the combination of synchrotron emission and thermal bremsstrahlung at about
1 keV could account for the broadband radio/hard X-ray spectra.

Different sets of parameters have been proposed to account for similar observation
features of Fermi bubbles and eROSITA bubbles, possibly attributed to the complicated and
nonlinear physical processes underpinning these phenomena. In [8], both Fermi bubbles
and eROSITA bubbles were simulated under a single jet eruption from the galactic center
2.6 Myrs ago. The morphology and multi-wavelength spectra of the observed bubbles
were reconstructed, and different sets of parameters might lead to similar morphology. The
reported age of bubbles ranges from 1.2 Myrs to 9 Myrs [6-8]. The Fermi bubbles and the
eROSITA bubbles would take shape more quickly if the initial mass distribution in the
Galaxy was not included. A more general study on the interactions among the background
magnetic field, jet parameters and the observation data will improve understanding about
the physical mechanisms behind the formation of Fermi bubbles and eROSITA bubbles.

A typical jet speed is about 0.1c and a typical plasma flow speed is about 0.01-0.1c [6-8].
The plasma flow near the dilute spine region of a jet is sensitive to the gas pressure and can be
accelerated closer to the speed of light. Thus, a relativistic magnetohydrodynamic (RMHD)
model will be more robust for simulating the Fermi bubbles and the eROSITA bubbles.
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In this work, a 2.5D axisymmetric RMHD model is applied to simulate a jet eruption
from the center of our Milky Way Galaxy, arousing a forward shock and a tangential
discontinuity. The RMHD model is validated by comparing with the results in the literature.
The effects of background magnetic field, initial mass distribution in the Galaxy and jet
parameters on the evolution of plasma distributions are simulated. Subtle effects on the
evolution of plasma distributions attributed to the adoption of a galactic disk model versus
a spiral-arm model are also studied. The emissivities of leptonic and hadronic processes
from the plasma distribution are investigated to successfully reconstruct the morphology
of Fermi bubbles in y-ray and eROSITA bubbles in X-ray on the skymap. The simulated
bubbles are compared with the observation data in shape, size and radiation intensity.

The rest of this work is organized as follows. The RMHD model and emission mecha-
nisms are presented in Section 2, simulations on magnetized jets in the Milky Way Galaxy
are discussed in Section 3, simulations on the emission from Fermi bubbles and eROSITA
bubbles are analyzed in Section 4, and some conclusions are drawn in Section 5.

2. RMHD Model and Emission Mechanisms

Relativistic magnetohydrodynamic (RMHD) equations are chosen to describe the evo-
lution of plasma distribution in the Galaxy, where the plasma velocity in some regions can
be sufficiently high, while the effect of general relativity is ignored since the neighborhood
of SMBH is not of our main concern. The RMHD equations are given by [16-18]

9y (ou") =0 (1)
WT" = pgr +pP) 2)
9,T% =0 3)
0T = pd 3 (4)
9, TV = %(pvrgr +pv'® ), i=1,2,3 (5)
9,GM = (6)

where

dxH c (7]

N
dt V1—02/c2" \/1—02/c2

2 nov b|2 bHpY
w— (o2 [6F wh u” 167 g _ BHBY
T (pc +£+p+4n)c — (Pt )8 P

o — gt g
C C
GM,
8 == 2

are the four-velocity, stress—energy tensor, dual of Faraday tensor and gravitational accel-
eration, respectively; G is the gravitational constant, 7 is the three-velocity, dt = dt/y, 7y
is the Lorentz factor, x# = (x0,x1,x%,x3) = (ct,7,6,2) in cylindrical coordinates, p is the
rest-mass density, ¢ is the internal energy density, p is the gas pressure, b* is the magnetic

four-vector, with [18]

, i 070

bl:CBu*iO”b, i=1,2,3 %
ot

b = giB'~- (®)

B is the magnetic three-vector, and |b|?> = blbVg,, = —(0°)2 + (b1)2 + (b?) + (b°)%. The
gravitation acceleration g, is attributed to the Sgr A* with mass M, = 4.4 x 10°M, [19].
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The gravitational field attributed to the mass in the Milky Way Galaxy is given by V®,
with @ the potential function that satisfies the Poisson’s equation, V2o = 471GPpuige, and

Pbulge = b 1 Pthin + Pthick + PHI + Pm + Pd )

where 0y, Othin, Pthicks PHI, Pm and py are the mass densities in the galactic bulge, thin
stellar disk, thick stellar disk, Hj (neutral atomic hydrogen) gas disk, molecular disk and
dark-matter halo, respectively [7].

The initial temperature of the plasma is assumed to be T = 2.32 x 10° K [7]. The gas
pressure is governed by the ideal gas law, with a mean particle weight of u = 0.61 [7]. The
gas pressure is related to the internal energy density as p = (I' — 1)e, where I' = ¢, /cy
is the ratio of specific heats, which is approximated as I' = 5/3 in the regions where the
plasma flow is mild (y =~ 1).

The initial magnetic-field distribution is assumed to be [20]

_ 1 N
By=-"Vyxé (10)
where
P = 1’230677/7072/20 (11)

is a flux function modified from the default model in GALPROP, with |B| converging at
r=0and V- B =0[8,21]; By is the field strength, ry = 2 kpc and zy = 2 kpc.

To ensure numerical stability, all the physical variables are normalized with respect to
Ly = 1 kpc = 3.0856 x 10?! cm in length, c in speed, ty = c/Ly in time,
po = 10" Mg, /kpc® = 6.8 x 1072 g/cm3 in mass density, pg = poc? = 6.1 x 10~* dyn/cm?
in pressure, T = 6.6 x 10'? K in temperature and by = +/4mpgc? = 8.5 x 1072 G in
magnetic field. Thus, the four-velocity, stress—energy tensor, dual of Faraday tensor and
magnetic four-vector are normalized as

u'" = (1,7 (12)
T/HY — (p/ +£l + Pl + |bl|2)u/yu/v + (Pl 4 |b;|2>gyv — p'Hpv (13)
G/yv — b/yu/v _ b/vu/y (14)
R/
bt =7 - B’,% +9' (7 - B’)] (15)
|b/|2 = 'y = E 4 (27/ . B/)Z (16)
4 2

In the subsequent discussions, the ’ notation is omitted for clarity.

Next, MATLAB codes are developed to solve the RMHD equations by applying a
Godunov-type finite-volume algorithm with HLL-type Riemann solvers and slope lim-
iters [22]. A constrained transport method is applied to maintain the divergence-free
condition of the magnetic field [23]. The codes are validated in Orszag-Tang and blast
wave tests, simulating shock tubes, magnetic flux emergence and relativistic magnetized
jets [24,25].

In the simulations, a jet of radius r; erupts from the center of our Milky Way Galaxy,
in both Z and —Z directions, and lasts for f;. The gas density, thermal energy density,
temperature and injection speed are p;, ¢; T and v}, respectively. A reflective boundary
condition is imposed along the z axis (r = 0) and the region r > r; at z = 0. On the jet base
(r < rjatz = 0), an injection boundary condition is imposed during t < t;, and a reflective
boundary condition is imposed during ¢ > ¢;. An open boundary condition is imposed on
the outer boundaries in the r and z directions. The simulation results with fine grid sizes
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of Ar = 0.01 and Az = 0.1 are almost the same as those obtained with coarse grid sizes of
Ar = 0.02 and Az = 0.18.

2.1. Emission Mechanisms of Leptons

The radiation (emission) from the Fermi bubbles and the eROSITA bubbles is governed
by the time-independent radiative transfer equation [26]

al,(7,Q))

% = ju(7, Q) — (7, Q) Iy (7, Q) (17)

where I, is the radiation intensity, j, is the emission coefficient, x, is the absorption coeffi-
cient, s is the radiation path, Q = (9x/0s, dy/9s,dz/0s) is the direction cosines of radiation
intensity and dt = ds/c. The radiation is computed by integrating (17) along the line-of-
sight (LoS) path, starting from the farther boundary of the computational domain [25], with
the result projected onto the skymap. The light traverse effect is neglected because the time
scale of plasma evolution is about 10 Myrs, much longer than the light traverse time of
several kyrs [25].

The leptonic emission is contributed by synchrotron radiation, inverse Compton scat-
tering and bremsstrahlung [11]. Synchrotron radiation originates from relativistic charged
particles accelerated by the magnetic field [27]. The inverse Compton scattering results in
net energy transfer from fast moving electrons to photons. The bremsstrahlung is caused
by the acceleration of charged particles in the Coulomb field of other charged particles [28].
The interaction of fast-moving electrons with rest protons and ions induces non-thermal
bremsstrahlung, while the electron—ion interaction at nonrelativistic temperatures induces
thermal bremsstrahlung.

Most electrons in a plasma follow the Maxwell-Boltzmann distribution, while a small
fraction of non-thermal electrons follow a power-law distribution in terms of the internal
energy as [27,29-31]

dne(E) = NoE PedE (18)

where Ny is a normalization factor and p. = 2.2 is a power-law index. Under a relativistic
condition of 9, > 1, E ~ 7.m.c? and (18) is reduced to

dne(ve) = N(7e)dye = No(mec?) ey, Pedy, (19)

which is integrated to obtain the number density of non-thermal electrons

Emax
N, = / dne(E) = —0_(p—petl _popetly _ gy (20)
Enmin pe—1
where Epin and Epax are the minimum and the maximum internal energies, respectively,
where Enax is determined by cooling mechanism, 7 is the total electron number density
and a1 is an empirical fraction.
Similarly, the internal energy density of non-thermal electrons is given by

Emax N —pet2 —pet2
U, :/E Edne(E) = (B Enli) = e 1)
min e

where e = p/ (T — 1) is the total internal energy density and 45 is another empirical fraction.

In [32], the time evolution of bubbles was simulated by using an MHD model, along
with the cosmic-ray (CR) spectrum. The electron energy of cosmic rays achieved maximum
near the front edge of the bubble, at t = 1.2 Myrs, which was about hundreds of GeV at
low galactic latitudes and about 1 TeV at high latitudes. Initially, the maximum energy
was Emax = 10* GeV; then, it decayed rapidly within ~0.3 Myrs due to synchrotron and
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inverse-Compton cooling, and finally settled to several hundreds of GeV, compatible with
the observed value of Emax =~ 250 GeV in the present day.

In this work, both non-thermal electrons and protons are assumed to follow the same
power-law distribution over the energy internal of [Epin, Emax]- Based on the simulation
and observation data in [32], we set Emax = 250 GeV. Then, Epjy, is determined by dividing
(21) with (20) to obtain

—Pe+2 —Pe+2
% — Emﬁl+ - Emgx+ Pe — 1 (22)
Ne o p Petl _p hetlpe—2

min

which is solved for Enin by using a secant method [33]. The normalization factor Ny is
determined by substituting E iy into (20).
The spectral emissivity of leptons is given by [10,11]

ju(€) = jsy(€) + jic(e) + ji (€) + jig(e) (23)

where € = hv is the photon (radiation) energy, and jsy(€), jic(€), jif (€) and j§(e) are the
spectral emissivities of synchrotron radiation, inverse Compton scattering, non-thermal
bremsstrahlung and thermal bremsstrahlung, respectively.

The emissivity of synchrotron radiation is given by [11,34]

‘ 4\3mr, V2 [rmax doy, dn,
]sy(e) 9 meCVB - 'Y:zl dve (x) (24)

where x = v/ (3vpy?), vg = q.B/(2rtm,c) and

F(x) = Kaya(0)K3(x) — ox[K3(3) — K 5(x)] 25)

K (x) is the mth-order modified Bessel function of the second kind.
The spectral emissivity of inverse Compton scattering is given by [28]

. “Yemax 1 €
jic(€) = 3CUT€/emin /%N(%)nph(nkocz)f(xic,eg)deod% (26)
where ¢ is the energy of incident photon, 71y, is the number density of the cosmological
microwave background (CMB) and interstellar radiation field (ISRF), x;c = €/ (478260),
o7 = 8712 /3 is the Thomson cross-section, N(,) is the distribution of electrons and

f(xic,€0) = 2xic Inxjc + Xic +1 — inzc

Since non-thermal electrons follow the power-law distribution, (26) is transformed to

Xic max —
jic(€) = %CUTCZP"’%’(”"’””/X /e(()pe V72

icmin

€ —1)/2
Mph (0 > ) xi(f )/ f(xic, €0)depdxic (27)
MeC

where C = Ny(mec?) Pt Xiemin = €/ (472ax€0) and Xicmax = €/ (472,,€0)- The spectral
emissivities of non-thermal and thermal bremsstrahlung can be found in [11,34], respectively.

The absorption coefficient x(v) in the observer coordinates is transformed from «’(v')
in the comoving coordinates of plasma as follows [35]:

k(v) =6 M/ (V) (28)
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where

o 3\/30']‘6 UB C1
1672m,v"?vp

k() = [h(V', x1, pe, K) — h(V', x2, pe, K)] (29)
is the electron self-absorption coefficient, 6 = 1/[y(1 —vcos8/c)] = v/’ is the Doppler

factor, 8 is the angle between the plasma flow direction and the line-of-sight direction,

1'//

*Pe/z
B, K) = (e 2032 (1) 6 ) P pe/2cs)

VB

I(x,y) is the incomplete gamma function, Up = |B|?/(87) is the magnetic energy density,
pe = 22,¢c1 = 078, c; = 025, ¢ = 2175, K = No(m,c?)"Petl, x; = v'/(372xVB),
xy =v'/(37%;,vs) and vg = q.B/(27tm,c). The absorption of photons by electrons can be
neglected if the photon frequency is sufficiently high.

In short, the distribution 1, (E) of non-thermal electrons and the associated parameters
Ny and Epy, are determined first. Then, the emissivities and absorption coefficients are
computed by using (23) and (28), respectively. Finally, the radiation intensity on the skymap
is computed by solving (17).

2.2. Emission Mechanisms of Hadrons

The emission from Fermi bubbles and eROSITA bubbles may be contributed by an
inelastic proton—proton collision that produces y-rays and secondary particles [10,36,37]. A
proton—proton collision may leadtop +p — p+ AT or p+ p — n+ AT [10,36], where
AT (uud) and A*" (uuu) stand for Delta baryons, which decay rapidly on a time scale of
5.63 x 107%* s to produce charged and neutral pions. In other words, pions are produced
alternatively viap+p > p+p+7%, p+p > p+p+2n’, p+p = p+n+nt +n,
p+p—D+nt+nlorp+p— p+p+ "+ [36], where D stands for deuterium.
The fractions of pions thus produced were (t+, 77, no) = (0.6,0.1,0.3) at 1 GeV [10]. The
charged pions decay to produce secondary electrons, and the neutral pions decay to emit
y-rays via ¥ — ¢ + 7 [37].

The spectral emissivity of -rays attributed to the decay of neutral pions is given
by [10,36]

Ypmax dog

jry(€) = €/\cmeC2”H/ ENp(’Yp)d’Yp (30)

Ypmin
with the differential cross-section of y-rays via the process ¥ — 7 + 7 given by [36]

d ,
W00 _ play)Fiapre) 61

where P(7,) is a peak function and F(yp,€) is a spectral shape function. The number
density N (yp) of high-energy protons at Lorentz factor 7, is related to the plasma number
density n as Nj = a1,n, and the high-energy proton internal energy density U, is related to
the total internal energy density ¢ as U, = aye. In this work, we make the approximation
that a1, = a1 and ap = a,.

The steady-state distribution of secondary electrons is approximated as [10,37]

max
Ee

Ne(Ee) = teont(Ee) [ Qu(EDAE, )

e

where

-1
tcool(Ee) = < ! + ! + ! ) (Yr) (33)

TComb  Torem  Tsync+IC



Universe 2024, 10, 279 8 of 26

is the effective electron cooling time scale [38], with the contributions from Coulomb,
bremsstrahlung, and synchrotron plus inverse Compton scattering given by [38]

_ of I no\t
Romb = 253 10 <100nkc)(103) o)

n -1
Threm = 6 X 10" (10,3) (Yr)

s( o\ ug \ '
Tsync+IC =23 x10 104mec 1 + a (yr)

respectively, where || is the electron momentum, and up and ., are the energy densities

of magnetic field and cosmic microwave background, respectively. The Coulomb interaction

dominates low-energy electrons, synchrotron radiation and inverse Compton scattering

mainly affecting high-energy electrons, while the bremsstrahlung radiation is negligible.
The energy spectrum of secondary electrons is given by [37]

dx,

N (34)

1
Qe(Ee) =2 /O fe(xe)]n(Ee/xe)
where f.(x) is the distribution function of electrons, x, = E./Ex and Jr(E./x.) is the
production rate of pions, which is given by [37]
dx dE dx
Jr(Ee/xe)—= = —Ja(Ex) == = —Fr(x,Ep) — (35)
Xe Er Er
where E, is the proton energy, x = E/Ep and Fz(x, E,) is the energy spectrum of pions.
By substituting (35) into (34), the energy spectrum of secondary electrons is reduced to

dE,

ELE; (36)

Epmax
Qe(Ee) = 2./E fE(EB/ET()Fﬂ(ETI/Epr Ep)

which is weighted by the number density distribution of protons, Np (E p), to become

Ep max

N, (Ep)
EE,

Qe(E) =2 / / s fo(Ee/Ex)Fa(Ex/Ep, Ep) dE-dE,  (37)

E p min

In short, the emission from hadrons is obtained by first computing the spectral emis-
sivity of y-rays attributed to the decay of neutral pions with (30). Then, the steady-state
distribution of secondary electrons is computed with (32), and the radiation intensity is
obtained by solving (17).

3. Simulations on Magnetized Jets in Milky Way Galaxy

In this section, we will simulate jet eruption from the center of our Milky Way Galaxy
with the RMHD model.

Table 1 lists the simulation cases and relevant parameters in this work and the literature.
Only Fermi bubbles were simulated in [6,7], while both Fermi and eROSITA bubbles were
simulated in [8]. The evolution of Fermi and eROSITA bubbles were simulated with the
HD or MHD models [6-8]. The magnetic field plays an important role in the jet evolution,
but was not included in an HD model [25].

Debates on jet eruptions and their aftermaths on large-scale structures like bubbles
have not been settled. The evolution time of bubbles after jet eruption was conjectured
to be from 1.2 Myrs to 9 Myrs, accompanied by different sets of simulation parameters.
For example, the inclusion of initial mass distribution in the Galaxy may prolong the
formulation of Fermi and eROSITA bubbles.

The jet parameters, t;, 7j, pj, €¢; and v;, cannot be directly acquired by observation.
Only the radiation intensity from the bubbles and the galactic disk are observed. Typically,
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the jet parameters were selected and justified by matching the simulation results with the
observation data. Different sets of parameters have been proposed to account for similar
observation features of Fermi and eROSITA bubbles, possibly due to the complicated and
nonlinear physical processes underpinning these phenomena.

Table 1. Comparison of simulation cases and relevant parameters.

Is Initial Mass in

Case Model Galaxy Considered? Bubbles Time (Myr)
[6] MHD no Fermi 1.2
run A in [7] HD yes Fermi 5
run D in [7] HD yes Fermi 9
[8] MHD no Fermi and eROSITA 2.6
this work RMHD yes Fermi and eROSITA
HD: hydrodynamic, MHD: magnetohydrodynamic, RMHD: relativistic magnetohydrodynamic.
Table 2 lists the simulation parameters adopted in this work. Run A is designed to
validate the RMHD model by comparing the simulation results with the literature [8].
The parameters in run B and run C are the same as in run A, except that the initial mass
distribution in the Galaxy is considered in run B, and the magnetic field is absent in run C.
Table 2. Simulation parameters in this work.
Is Initial
Mass in
3 3
Case t; (Myr) rj (kpc) pj (glem?) gj (erg/em?) vj (cm/s) By (uG) Galaxy
Considered?
run A 0.1 0.5 195x107%° 129 x107 2.5 x 108 50 no
run B 0.1 0.5 1.95x107% 129 x 107 2.5 % 108 50 yes
run C 0.1 0.5 195x107*  129x 1077 2.5 x 108 0 no
run D 4.8 0.4 1.95x 10727 1.29 x 10710 2.5 x 108 50 yes
run E 438 0.4 1.95x 10726 129 x 10710 2.5 x 108 50 yes
run F 4.8 0.4 1.95x 10727 129 x 1011 2.5 x 108 50 yes
run G 4.8 0.4 1.95x 10726 129 x 1011 2.5 x 108 50 yes

The parameters in run D are selected to form another benchmark for comparison. The
initial mass distribution in the Galaxy and the magnetic field remain the same as in run B.
Compared with runs A, B and C, the duration of jet injection (¢;) is significantly extended,
the jet radius (r;) is slightly reduced, and the mass density (p;) and the internal energy
density (e]-) of the jet are also reduced.

The parameters in runs E, F and G are the same as in run D, except the mass density
is increased to p; = 1.95 X 10726 (g/cm?®) in run E and run G, while the internal energy
density is decreased to €; = 1.29 10~ (erg/cm?) in run F and run G.

Table 3 lists the composition of ejected power and total ejected energy, based on the
jet parameters listed in Table 2. The ejected power is the product of the energy density,
cross-section and speed of the jet. The total ejected energy is the product of the ejected
power and duration of the jet injection.

Figure 1 shows the initial and evolutional distributions of mass density, gas pressure/
velocity and temperature in our Milky Way Galaxy, with the same simulation parameters
as in [8]. Figure 1a manifests a disk-like distribution of mass density around the Galactic
Equator. The mass density distribution, as given in (9), is composed of a galactic bulge,
thin stellar disk, thick stellar disk, Hj gas disk, molecular disk and dark-matter halo. The
galactic bulge extends from the galactic center to » ~ 5 and z >~ 2.5. The mass density of
thin and thick stellar disks decay in the z direction. The thicknesses of the Hj gas disk and
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molecular gas disk are about 0.5 and 0.2, respectively. The dark-matter halo permeates the
whole computational domain, and is denser around the galactic center.

Table 3. Components of ejected power and total ejected energy.

Case Py, (erg/s) Py, (erg/s) Pg (erg/s) Ej (erg) Ey, (erg) Ep (erg)
run A 1.14 x 10% 241 x 102 1.86 x 104! 3.60 x 10°° 7.61 x 105 5.87 x 10°3
run B 1.14 x 10% 2.41 x 10%2 1.86 x 104! 3.60 x 10°° 7.61 x 105 5.87 x 10°3
run C 1.14 x 10%3 241 x 102 0 3.60 x 10°° 7.61 x 105 0
runD 7.29 x 10%0 1.54 x 104 1.19 x 104! 1.10 x 10%° 2.34 x 10°° 1.80 x 10%°
run E 7.29 x 104 1.54 x 104 1.19 x 104 1.10 x 1056 2.34 x 10%° 1.80 x 10%°
run F 7.29 x 1040 1.54 x 1040 1.19 x 104 1.10 x 10%° 2.34 x 10%4 1.80 x 10%°
run G 7.29 x 104 1.54 x 1040 1.19 x 104! 1.10 x 10°¢ 2.34 x 1054 1.80 x 10°°
Py: ejected kinetic power, Py,: ejected thermal power, Pp: ejected magnetic power, E;: total ejected kinetic energy,
Ey,: total ejected thermal energy, Ep: total ejected magnetic energy.
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Figure 1. Initial and evolutional distributions of mass density, gas pressure/ velocity and temperature
in Milky Way Galaxy, run A, (a) p (g/cm3) att =0, (b) p (erg/cm3) att =0,(c) T(K)att =0,
(d) p (g/cm3) at t = 2.6 Myrs, (e) || (cm/s) at t = 2.6 Myrs, (f) T (K) at t = 2.6 Myrs. The flow
lines mark plasma motion; r and z coordinates are normalized with respect to length Ly. These
distributions are compared with their counterparts in [8] to validate the RMHD model.

Figure 1b,c show the initial distributions of gas pressure and temperature, respectively.
The gas pressure is proportional to p, under the ideal gas law. The initial temperature is
uniform with T = 2.32 x 10° (K) [7].

Figure 1d shows that the plasma jet induces a forward shock to compress the ambient
medium, forging a shell that reaches z >~ 11 and r ~ 7, respectively. The jet induces a
high-mass region centered at z ~ 7.5, with p ~ 10~% (g/cm?). A low-mass region in
2 < z < 4 near the z axis follows the high-mass region, with p ~ 10-% (g/cm?).

Figure le shows that the plasma flows outwards, with a maximum speed of about
3 x 10% (cm/s) around the forward shock, and decreases to about 10”7 (cm/s) behind the
forward shock. Figure 1f shows that the temperature around the forward shock reaches
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about 10® K. A low-temperature region is observed near the z axis around z ~ 5, with
T ~ 10° K. A similar low-temperature region was also observed in [8].

In short, the simulated bubbles with the proposed RMHD model in run A match
well with the literature in shape, size, large-scale structure, velocity distribution and
evolution time.

Figure 2 shows the distributions of mass density and temperature in run B and run C,
respectively, at t = 2.6 Myrs. With run A as the benchmark, run B includes the initial mass
distribution in the Galaxy, and run C excludes the magnetic field.
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Figure 2. Distributions of mass density and temperature in run B and run C, at t = 2.6 Myrs,
@p (g/cm3) in run B, (b) T (K) in run B, (c) p (g/cm3) inrun C, (d) T (K) in run C. With run A
as benchmark, run B includes the initial mass distribution in the Galaxy, and run C excludes the
magnetic field.

Figure 2a shows that the mass density within the bubble ranges from 1072 to
10-%7 (g/cm?), which is higher than that in run A. The mass density around the for-
ward shock is higher than that in the central part of the bubble. The forward shock travels
toz ~ 9 and r ~ 5, respectively. The forward shock expands slightly slower than that in
run A, impeded by the initial mass distribution in the Galaxy. In other words, the bubble
takes a longer time to evolve to the same size as in run A when the initial mass distribution
is present.

Figure 2b manifests a discontinuity in temperature distribution around the forward
shock. The spread of the high-temperature region near the Galactic Equator is obviously
impeded as compared with run A.

Figure 2c manifests a high-mass region dragged by the jet, followed by a low-mass
region. The features in z < 4 and r < 4 become simpler as compared with run A. Figure 2d
manifests a discontinuity in temperature distribution around the forward shock. No
complex features are observed in z < 4 and r < 4, as in Figure 2c. The spread of the
high-temperature region near the Galactic Equator is obviously impeded as compared with
run A, but moves farther than in run B.

In order to reconstruct both Fermi bubbles and eROSITA bubbles from a single jet
eruption, the jet parameters in run D are adjusted to match the observed morphology, as
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shown in Figure 3. The duration of jet injection (¢;) is significantly extended to induce a hot
region in the central part, reconstructing the Fermi bubbles that emit y-rays. The jet radius
rj is slightly reduced to control the size of the bubbles.

With run D as benchmark, the mass density is increased to p; = 1.95 x 10726 (g/cm?) in
run E and run G, while the internal energy density is decreased to €; = 1.29 x 101 (erg/cmd)
in run F and run G, to investigate their effects on bubble formation.

10-2 15 10°
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¢ —_
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Figure 3. Distributions of mass density, velocity and temperature in run D, at ¢ = 5.15 Myrs,
@p(g/ cm?), (b) |5| (cm/s), (¢) T (K); flow lines mark plasma motion. In order to reconstruct both
Fermi bubbles and eROSITA bubbles, duration of jet injection (t;) is significantly extended to induce
a hot region conformal to Fermi bubbles, and jet radius (r;) is slightly reduced to adjust the size
of bubbles.

Figure 3 shows the distributions of mass density, velocity and temperature of the
plasma in run D, at t = 5.15 Myrs, which roughly reveal the morphology of Fermi bubbles
and eROSITA bubbles. All the three distributions manifest an outer shell enclosed by a
forward shock (white curve) and a central lobe enclosed by a discontinuity transition (red
curve). The inner part of the central lobe, featuring low mass density and low temperature,
is enclosed by a yellow curve, which will be used to computed the 7-ray residual map later.

The outer shell expands to r >~ 7 and z =~ 13. Its shape and size are comparable to
those of eROSITA bubbles [3]. Compared with the central lobe, the outer shell has a higher
density of p ~ 1072-10% (g/cm?) and a lower temperature of 107-7 x 107 (K).

The central lobe extends to r ~ 4 and z ~ 10, respectively. Its shape and size are
comparable to those of Fermi bubbles [3]. The mass density is about p = 1072 (g/cm?).
The outer edge of the central lobe, with a thickness of about 2.5 (kpc), manifests a high
temperature of about 108-2 x 108 (K). The temperature off the outer edge decreases to
about 107 (K).

Figure 3b shows a boundary segment (indicated by a bold black arrow) between
the central lobe and the outer shell, across which the plasma motion is parallel to the
boundary; the mass density, speed and temperature manifest significant discontinuity. The
discontinuity across the other boundary segment is not so obvious, as the plasma flows
across the boundary. The tangential discontinuity and the forward shock mark the edges of
the Fermi bubbles and eROSITA bubbles, respectively, brought by the same jet eruption.

The plasma is composed of both thermal and non-thermal particles, with the latter
much fewer in number than the former. In the outer edge of the central lobe, the rising
temperature increases the number of relativistic particles, which are responsible for y-ray
emission via inverse Compton scattering and non-thermal bremsstrahlung.

Figure 4 shows the distributions of mass density and temperature in runs E, F and G,
respectively, at t = 5.15 Myrs, which are compared with their counterparts in run D.
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Figure 4. Distributions of mass density and temperature in runs E, F and G, at t = 5.15 Myrs,
@p (g/cm3) inrunE, (b) p (g/cm3) inrunF (c) p (g/cm3) inrunG, (d) T (g/cm3) inrunE, (e) T
(g/ cmd)inrunE () T (g/ c¢m?) in run G. With run D as benchmark, the mass density is increased
top; = 1.95 x 10726 (g/cm3) in run E and run G, while the internal energy density is decreased to
€ =129 x 10-11 (erg/cm3) in run F and run G.

Referring to Tables 2 and 3, the jet mass density and the ejected kinetic power in run E
are ten times larger than their counterparts in run D, and the ejected thermal power is the
same in both run D and run E.

In run E, the mass density in the central lobe increases to about 10-%, and the temper-
ature in the central lobe decreases to about 10°~10” K. A low-temperature region appears
near the z axis behind the discontinuity transition, similar to Figures 1f and 2d, because
larger kinetic energy implies lower thermal energy, hence lower temperature.

In run E, the jet mass density and the ejected kinetic power are the same as those in
run D, and the ejected thermal power is ten times smaller than that in run D. The forward
shock reaches r ~ 5 and z =~ 8, respectively, and the bubbles are significantly smaller in
size than those in run D.

The resulting mass density distribution manifests an outer shell with higher density
and a central lobe with lower density. The temperature in the front edge of the central lobe
is higher than that behind it. In short, the distributions appear similar to their counterparts
in run D, but it takes much longer evolution time in run F to achieve a similar size to that
in run D because of the lower ejected thermal energy in run F.

In run G, the jet mass density and the ejected kinetic power are the same as those in
run E, but the ejected thermal power is ten times smaller than that in run E. The resulting
mass distribution appears very similar to that in run E, but the size of bubbles is slightly
smaller. The temperature in the central lobe is lower than that in run E because of the lower
ejected thermal energy in run G.

In summary, the initial mass distribution in the Galaxy tends to impede the expansion
of bubbles. The features internal to the bubbles become more complicated if the magnetic
field is present. If the jet mass density and the ejected kinetic power increase while the

ejected thermal power remains the same, the resulting mass density increases and the
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temperature decreases in the central lobe. If the ejected thermal power decreases while
the jet mass density and the ejected kinetic power remain the same, the bubbles evolve

more slowly. A jet carrying large kinetic energy tends to induce a depletion region with
low temperature behind the discontinuity transition.

Spiral-Arm Model

So far, the simulation results have manifested salient features of Fermi bubbles and
eROSITA bubbles. A spiral-arm model of mass density is adopted to substitute the disk
model near the Galactic Equator, including more details of mass distribution in the Galaxy.
In our azimuthal symmetric model, the stellar disk is approximated as concentric tubes,

with the cross-sectional sizes compatible with the observed pattern in the spiral arms [39].
Explicitly, the mass density in the spiral arms is given by
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where X, . and Xf, . , are adjusted to make the total mass in the spiral-arm model the same

as that in the disk model.

Figure 5 shows the distributions of mass density in the thin and thick spiral arms,
respectively, as well as their sum in the spiral-arm model. The mass density distribution
is composed of a central disk with radius 2.2 in the r direction, a first tube of width 0.8
centered at r = 5.2, a second tube of width 0.4 centered at r = 6.9 and a third tube of width

0.55 centered at r = 8.85. The central disk and the three tubes are concentric about the
Z axis.
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Figure 5. Distributions of mass density in spiral-arm model, (a) thin spiral-arm, pgn (g/cm?),
(b) thick spiral-arm, pgick (g/ cm?), (¢) sum of both, o(g/ cm?).

Figure 6 shows the distributions of mass density and temperature in run D, with the
spiral-arm model, at t = 5 Myrs. The central lobe extends to 7 ~ 4 and z ~ 10, and the outer
shell extends to 7 ~ 7 and z ~ 12. The outer shell has a higher mass density and the central
lobe has a lower mass density. The temperature in the outer shell is about 107-8 x 107 (K),
and that in the outer edge of the central lobe, with a thickness of about 2.5 (kpc), is about
108-2 x 108 (K), which decreases to about 107 (K) in the inner part.
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Figure 6. Distributions of mass density and temperature in run D, with spiral-arm model, at t = 5 Myrs,
(@p, (b) T.

In general, the shape, size and internal features are very similar to those shown in
Figure 3, simulated with the galactic disk model. The mass density in the outer shell
with the spiral-arm model is a little lower than that with the galactic disk model, and the
temperature in the outer shell with the spiral-arm model is a little higher than that with the
galactic disk model.

4. Simulations on Emission from Fermi Bubbles and eROSITA Bubbles

Figure 7 shows the simulation scenario and the coordinate system used to compute -
ray and X-ray emission by solving the radiative transfer Equation (17). The computational
domain is a cylindrical region which is axisymmetric about the z axis. The Sgr A* is located
at the origin and our Sun lies on the x axis, at a distance of 8.32 kpc from the origin [40].
The spectral radiation intensity I, observed on the Earth is computed by solving (17) and
integrating along the line-of-sight coordinate s, marked by red line, shown in Figure 7a.
Figure 7b,c show the side view and top view, respectively, of the scenario. The bubble

is bounded in elevation by galactic latitude b = by and in azimuth by galactic longitude
0 =Y.

computational domain

,,,,,,, — > Y bubble

(b) (c)

Figure 7. Simulation scenario and coordinate system for computing y-ray and X-ray emission,
(a) panoramic view, (b) side view, (c) top view.

Figure 8a shows the probability density functions of thermal electrons and non-thermal
electrons. The thermal electrons follow the Maxwell-Boltzmann distribution at T = 10”7 K,
a typical temperature in Fermi bubbles [41]. The energy of most thermal electrons falls in
E < 10* eV (7 = 1.019). Non-thermal electrons follow a power-law distribution

fu(E) = %E”’e (40)
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The probability density at E = 10° eV is about f(E) = 10~°. The minimum energy Ep, of
non-thermal electrons, as marked in Figure 8a, is determined by solving (22).
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Figure 8. (a) Probability density functions of thermal electrons at T = 107 K ( ) and non-
thermal electrons ( -), (b) spectrum of CMB plus ISRF, - ISRF spectrum at (r,z) = (0,0)
via GALPROP [42], - ISRF spectrum at (r,z) = (8,0) via the RT model [43], (c) vertical profiles
of ISRF, -: 2.2 um [44], -: 24 um [43], -: 62 um [43], : 100 um [43], ———:
340 um [44], solid curves mark literature data, dashed lines mark power-law regression lines, Nph
is in unit of 1/cm?/eV and z is in unit of kpc; (d) distribution of ji. (erg/ cm3/sr/s/eV) computed
with ISRF spectrum at (r,z) = (8,0) via the RT model [43], (e) distribution of ji. (erg/cm?3/sr/s/eV)
computed with interpolated ISRF spectrum, (f) spectrum of j. (erg/ cm3/sr/s/ erg), with Ny = 1.

Figure 8b shows the spectrum of CMB plus ISRF, which are the photons induced by
inverse Compton scattering in the Milky Way Galaxy. The spectra marked by the red curve
and black curve are computed at (r,z) = (0,0) and (8,0), respectively, via GALPROP [42]
and a radiation transfer (RT) model [43], respectively, which were well calibrated for use in
our Milky Way Galaxy [42,43].

The ISRF spectral profile in the computational domain is derived by interpolating in
the r direction from the available data at (r,z) = (0,0), (4,0), (12,0) in [42] and those at
(1,0) and (8,0) in [43]. Since these five profiles are similar to one another, only those at
(r,z) = (0,0) and (8,0) are shown in Figure 8b. Note that the contribution of emission
from the region r > 8 is negligible.

The ISRF spectrum varies from place to place in the Milky Way Galaxy. In general,
the ISRF spectrum is stronger near the galactic center and decreases outwards [42]. The
spectrum at (r,z) = (8,0) (kpc) is roughly comparable to that at (r,z) = (0,0) (kpc) in
3x1072 <y <1071 (eV). In 107! < ¢ < 10! (eV), the spectrum at (r,z) = (8,0) (kpc) is
about one order smaller than that at (r,z) = (0,0) (kpc). At (r,z) = (8,0), the maximum
number density of photons is 1, >~ 5 X 10% (1/cm3/eV) at ey = 6 x 1072 eV, and decreases
to 11pp > 2 X 107* (1/cm3/eV) at g = 10 eV.

Similarly, the ISRF spectral profile in the z direction is interpolated from the available
data at A = 24,62,100 um in [43] and those at A = 2.2,340 um in [44], as shown in Figure 8c.
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It is observed that the ISRF (1) approximately follows the power-law distribution with re-
spect to z as 11, (A, z) = npp(A,0) X z7IL. By regressing with the data in [43,44], the power-
law indices at A = 2.2,24,62,100,340 pum are estimated as L = —1.2, —0.89, —0.79, —0.90
and —0.47, respectively. The profiles of 1y, (A, z) at other wavelengths are interpolated in
terms of these five power-law profiles.

Figure 8d,e show the distributions of ji. attributed to inverse Compton scattering,
computed with the ISRF spectrum at (r,z) = (8,0) via the RT model [43] and the inter-
polated ISRF spectrum, respectively. Each distribution manifests an outer shell with a
higher magnitude and a central lobe with a lower magnitude. The emissivity around the
origin and the outer shell near the Galactic Equator in Figure 8d is weaker than that in
Figure 8e. The emissivity around the forward shock in Figure 8d is slightly stronger than
that in Figure 8e. In this work, the interpolated ISRF spectrum is adopted in the subsequent
simulations.

Figure 8f shows the spectral emissivity of ji., with Ny = 1. The magnitude of ji.(v)
decays exponentially with the photon frequency. Its value is ji. ~ 1077 (erg/cm3/sr/s/erg)
atv =101 Hz (4.1 eV), and Jic = 10°13 (erg/cm3/sr/s/erg) atv = 10% Hz (41 GeV).

Figure 9a shows the distribution of minimum internal energy Enin (eV) in run D, which
is about 10* eV in the outer edge of the central lobe, and about 10° behind the forward
shock. The value of Ep, is determined by solving the self-consistent Equations in (20)-(22),
given the empirical values of a1, a; and Enmax. These three equations are based on the power-
law distribution of non-thermal electrons, which may lose their energy through Coulomb
interaction, bremsstrahlung, synchrotron radiation and inverse Compton scattering. The
Coulomb interaction dominates low-energy electrons, and the cooling time scale at low
energy is typically shorter than the time scale of plasma evolution. The cooling of non-
thermal electrons has a negligible effect on the thermal plasma due to the tiny fraction of
non-thermal electrons.
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Figure 9. (a) Distribution of Enj, (eV) in run D, (b) spectra emissivity dj;./dE (cm3/sr/s/eV)
attributed to inverse Compton scattering, Ny = 1, (c) spectra of non-thermal electron number density
in (41), under cooling effect, Ny =1, n = 6 x 105 (1/cm3), T, = 108 (K), 1 t=0,

t = 3 Myrs, -1 t = 5 Myrs.

Figure 9b shows the spectral emissivity dji./dE attributed to inverse Compton scat-
tering, with No = 1. It is observed that the electrons with energy of about 10° (eV) are
responsible for X-ray emission in 0.6-1 (keV), and those with energy higher than 10° (eV)
are responsible for y-ray emission in 2-5 GeV. Non-thermal electrons with power-law
energy spectrum are the dominant source of emission in this work. In situ acceleration and
cooling effect may affect the electron energy spectrum [9,38], leading to subtle differences
in radiation.

The time scales of cooling due to Coulomb loss on non-thermal electrons at E = 10°
and 10” (eV) are estimated as 10* and 107 years, respectively. The evolution time scale of
Fermi bubbles and eROSITA bubbles in the simulations is about 10°~107 yrs. By considering
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the cooling effect, the power-law spectrum of non-thermal electron number density in (18)
is modified as [45]

—(2pe+1)/3
) CrVB e

dn(E) = N(E)dE = Ny (E3/2 +1.16 x 105 Agent

where t (in sec) is the time since jet eruption,

1
-~ 1/2
Aee =309 —In {n <kBTe ) ]

is an empirical formula of Coulomb logarithm and kpT, is in unit of keV. Note that (41)
reduces to (18) att = 0.

Figure 9c shows the spectra of non-thermal electron number density in (41), under
cooling effect, with Np =1, n = 6 X 107% (1/em®) and T, = 108 (K). Due to the cooling
effect, the number density N(E) decreases with time if E < 10° (eV), but changes slightly
if E > 10° (eV). The emission of X-rays and 7-rays via inverse Compton scattering is
dominated by non-thermal electrons with E > 10° (eV), of which the number density barely
changes by the cooling effect in t < 5 Myrs. Thus, reconstructions of the bubbles in X-rays
and -y-rays, respectively, on the skymap with the spectrum of non-thermal electron number
density in (41) are indiscernible from their counterparts reconstructed with the power-law
spectrum in (18).

The image of Fermi bubbles was acquired from the received photons with energy of
1-50 GeV [2], and that of eROSITA bubbles was acquired from the received photons with
energy of 0.3-2.3 keV [3]. In this work, the RMHD model is applied to simulate the plasma
distributions, as shown in Figure 3. Then, the spectral emissivities in y-rays and X-rays,
respectively, are computed by using the simulated plasma distributions and are compared
with the observed images [2,3].

It is assumed that the fraction a; of non-thermal electron number density is the same
as the fraction a; of non-thermal internal energy density, and the fraction a1, of high-energy
proton number density is the same as the fraction a,, of high-energy proton internal energy
density. In other words, a1 = a; and a1, = ap. The plasma distribution in the RMHD
model is composed of thermal and non-thermal particles. The fraction of non-thermal
particles is quite small; hence, the plasma velocity is in the order of 100 km/h, much slower
than the speed of light.

A set of parameters are adjusted to successfully reconstruct both images in y-rays and
X-rays, respectively, on the skymap. The fractions a1 and a1, are estimated by comparing the
reconstructed image and the observed one in y-rays, as well as the relative contributions
between leptonic and hadronic processes. As will be shown in Figures 10 and 11, the
hadronic process is much more efficient than the leptonic process in y-ray emission, leading
to a1 > ay,. The simulation results also indicate that the hadronic process alone cannot
reconstruct the observed image in X-rays. Hence, both leptons and hadrons are considered
in the simulations, as will be shown in Figure 12.

Figure 10 shows the distributions of spectral emissivities (erg/ cm3/sr/s/eV) ate = 2 GeV
(4.8 x 10?® Hz) and the skymap of radiation intensity at 2-5 GeV, with a; = 1 x 1077 and
app = 10718, The total internal energy of non-thermal electrons is about 2.1 x 10* (erg), of
which about 10% (erg) is contributed by hadrons. In [8], the energy of cosmic-ray electrons
exerted in forming the observed Fermi bubbles was estimated to be about 10°! (erg).

Figure 10a shows that the spectral emissivity of inverse Compton scattering at
v = 4.8 x 102 Hz extends to r =~ 7 and z =~ 13, respectively. The magnitude is about
10736 erg/cm?/sr/s/eV. The emissivity in the outer shell is higher than that in the central
lobe. Figure 10b shows the spectral emissivity of non-thermal bremsstrahlung. The highest
emissivity appears behind the forward shock, near the Galactic Equator. Its magnitude is
about 10~% erg/ cm3/sr/s/€eV, much smaller than that of inverse Compton scattering.
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Figure 10. Distributions of spectral emissivities (erg/cm3/sr/s/eV) at € = 2 GeV (4.8 x 10?® Hz) and
skymap of radiation intensity at 2-5 GeV, a; = 1 x 10~ and app = 1x 10718, (a) jic(€), (b) i (e),
() jry(€), (d) jsec(€), (e) skymap of radiation intensity (keV/ cm?/s/sr).

Figure 10c shows the spectral emissivity of y-ray produced via the decay of neutral
pions. The highest emissivity appears behind the forward shock, near the Galactic Equator,
and its magnitude is about 1073 erg/cm3/sr/s/eV. Figure 10d shows the spectral emis-
sivity of y-rays produced by secondary electrons. The emissivity reaches a maximum of
about 1073 erg/cm?/sr/s/eV near the edges of the central lobe, and decreases to about
10~% erg/cm3/sr/s/eV in the outer shell.

Figure 10e shows the skymap of radiation intensity at 2-5 GeV, which is drawn
with an Aitoff projection [46]. The magnitude at low galactic latitudes (|b| < 15°) is
about 10* keV/cm?/s/sr, and decays towards high galactic latitudes. This skymap is
contributed by cosmic rays only, excluding the isotropic background <y-rays in the Milky
Way Galaxy [14].

In our simulations, non-thermal electrons are produced by the jet and the accompany-
ing shock waves. The forward shock reaches r =~ 7 at the present day, while the Earth is
located at r = 8.32. Since non-thermal electrons have not traversed beyond the forward
shock, the observed radiation at |¢| > 80° is contributed by other mechanisms not consid-
ered in this work. The excess y-rays observed by the Fermi LAT were attributed to pulsars
or dark-matter annihilation in |b| < 30° and |¢| < 10° [47], which are not considered in our
simulations.

Figure 11 shows the spectral emissivities (erg/ cm3/sr/s/eV)ate = 2GeV (4.8 x 102 Hz)
in the inner part of the central lobe, which is enclosed by a yellow curve as shown in Figure 3.
The total internal energy of non-thermal electrons is about 8.4 x 10 (erg).

Figure 11a shows the spectral emissivity of inverse Compton scattering, ji.(€), which
is stronger near the bottom half area above the Galactic Equator. Figure 11b shows the
spectral emissivity of non-thermal bremsstrahlung, ji(¢), with a magnitude of about
10746 erg/cm3/sr/s/eV, much smaller than that of inverse Compton scattering.



Universe 2024, 10, 279

20 of 26

10737 1046 1034

10738 10747 ~
10739 10748 g

1040 10-49 2

(A9/8/18/,W10/319) (2)>Y
(A3/8/38/w0/313) (3) ‘Hl
T
(AR/5/18/Wd/810) (3)*+C

104 10-50

101.5

—_
15
@

10!

10—38

1073 10°

(Ad/8/38/ 10 310) (2)°°5

(IS/S/WID/ AN [
(Is/s/ o/ ADY) [

]O—JO

10!
(e) )
Figure 11. Spectral emissivities (erg/ cm?/sr/s/eV) at e = 2 GeV (4.8 x 10?3 Hz) in inner part of the
central lobe and skymap of radiation intensity at 2-5 GeV, (a) jic(¢), (b) j?ft(e), (©) jry(€), (d) jsec(€),
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107!

Figure 11c shows the spectral emissivity of -rays, j(€), produced via the decay
of neutral pions, with a magnitude of about 10~>* erg/cm?/sr/s/eV. Figure 11d shows
the spectral emissivity of y-rays, jsec(€), produced by secondary electrons. It is computed
by using the emissivity of inverse Compton scattering in (26), with N(,) replaced by
the energy spectrum of secondary electrons, Q.(E.), in (34). The magnitude is about
1073 erg/cm3/sr/s/eV.

Summarized from Figure 11a—d, the emissivity at € = 2 GeV in the central lobe
is mainly contributed by the inverse Compton scattering of non-thermal electrons and
secondary electrons.

Figure 11e shows the skymap of radiation intensity at 2-5 GeV, contributed by non-
thermal electrons in the central lobe. Two bubbles appear in the north and the south
hemispheres, respectively, extending in the range £50° in latitude and 30° in longitude.
The magnitude is about 1015 keV/cm?/s/sr, which is much smaller than that from the
outer shell, as shown in Figure 10e.

Figure 11f shows the residual map transformed from [2], which was obtained by
removing the radiation from the galactic disk to highlight the contribution of the jet. The
skymap of radiation intensity shown in Figure 11e roughly matches the residual map in
Figure 11f in terms of size, shape and magnitude. It is reconfirmed that the Fermi bubbles
in y-ray emission are mainly contributed by inverse Compton scattering in the central lobe.

Figure 12 shows the spectral emissivities (erg/ cm?/sr/s/eV)ate = 0.6 keV (1.46 x 10V Hz)
and the skymap of radiation intensity at 0.6-1 keV. Figure 12a shows that the spectral emissivity
of inverse Compton scattering manifests a central lobe and an outer shell, which roughly de-
lineate the shapes of Fermi bubbles and eROSITA bubbles, respectively. The magnitude of the
emissivity is about 1033 erg/ cm3/sr/s/eV.
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(keV/cm? /s/sr).

Figure 12b shows the spectral emissivity of non-thermal bremsstrahlung. The morphol-
ogy is similar to that in Figure 12a, while the magnitude decreases to about
10~* erg/cm?3/sr/s/eV. Figure 12c shows the spectral emissivity of thermal bremsstrahlung,
with a magnitude about 1038 erg/ cm?/sr/s/eV. Figure 12d shows the spectral emissivity
attributed to secondary electrons, with a magnitude that is about 107! erg/cm?/sr/s/eV
in the outer shell and decreases to about 10~%3 erg/cm?3/sr/s/eV beyond the bubbles. The
results in Figure 12a—-d indicate that the X-ray emission at 0.6 keV is dominated by the
inverse Compton scattering.

Figure 12e shows the skymap of X-ray radiation intensity (keV/cm?/s/sr) at 0.6-1.0 keV.
Two bubbles appear in the north and the south hemispheres, extending to about £75° in
latitude and covering about 100° in longitude. These bubbles match the observed eROSITA
bubbles in size and shape.

In summary, a set of parameters are adjusted to successfully reconstruct bubbles in
7-rays and X-rays, respectively, on the skymap. The contributions of leptons and hadrons
are comparable in reconstructing <y-ray bubbles. The relation a1 > a1;, implies that the
hadronic process is much more efficient than the leptonic process in y-ray emission. The
X-ray emission is mainly contributed by leptons. In the leptonic process, the inverse
Compton scattering dominates both X-ray and -ray emissions. In the hadronic process,
the secondary electrons contribute most of the y-ray emission.

Figure 13 shows the longitudinal profiles of surface brightness I (counts/s/deg?) at
0.6-1.0 keV, at galactic latitudes of 40°, 50° and 60°, respectively [3,8], where count means
the number of photons. Figure 13a shows that, at |b| = 40° and |¢| < 50°, the observed
surface brightness is about 4-17 counts/s/deg? in the northern hemisphere, and about
6-10 counts/s/deg? in the southern hemisphere. The simulated surface brightness is about
8-9 counts/s/deg?, which is comparable to the observed data. The maximum value occurs
at |¢| ~ 25°, and decays quickly at |¢| > 25°.



Universe 2024, 10, 279

22 of 26
20 20 20
15 15 15
~ —~ ~
10 10 10
5 5 5
3 3 3
—120 —50 0 50 120 —120 —50 0 50 120 —120 —50 0 50 120
I3 ¢ 14
(a) (b) (c)

Figure 13. Longitudinal profile of surface brightness I (counts/s/deg?) at 0.6-1.0 keV [3,8],
(a) |b| = 40°, (b) [b] = 50°, (c) [b] = 60°;
: observed in southern hemisphere.

: simulated,

: observed in northern hemisphere,

The observed surface brightness at |¢| > 50° decays to about 4-5 counts/s/deg?. The
simulated surface brightness at |¢| > 70° decays to I < 3 counts/s/deg?. In [3], the surface
brightness estimated with an analytical model decays to I < 3 counts/s/deg? at |¢| ~ 60°.
The value observed at high |/| is higher than simulation, possibly appended by detector
noise, background cosmic X-ray and particles [3,48]. In [48], hydrodynamic simulations
were performed to investigate the asymmetric eROSITA bubbles under the influence of
background cosmic X-rays of about 2 counts/s/deg?.

In short, the emission of eROSITA bubbles concentrates in |¢| < 50°, and the observed
surface brightness at |¢| > 50° is not emitted from the eROSITA bubbles.

Figure 13b shows that, at |b| = 50° and |¢| < 50°, the observed surface brightness is about
4-15 counts/s/deg? in the northern hemisphere and about 5-8 counts/s/deg? in the southern
hemisphere. The simulated surface brightness is about 11-12 counts/s/deg?, comparable
to the observed data in both hemispheres. The maximum value of I ~ 12 counts/s/deg?
appears at galactic longitude |¢| ~ 15°, and decays quickly at |¢| > 15°.

Figure 13c shows that, at [b| = 60° and |¢| < 50°, the observed surface brightness is
about 4-13 counts/s/deg? in the northern hemisphere and about 5-7 counts/s/deg? in
the southern hemisphere. The simulated surface brightness reaches a maximum of about
12 counts/s/deg? at |¢| = 0°, and decreases below 3 counts/s/deg? at |¢| ~ 40°.

The observed X-ray skymap at 0.6-1 keV [3] was processed to enhance large-scale
features of the bubbles; hence, it cannot be directly compared with the simulation data [3].

Figure 14 shows the spectral emissivity attributed to synchrotron radiation and the
skymap of simulated synchrotron radiation at 23 GHz, transformed to the same unit as that
of the skymaps in y-rays and X-rays. In [49], spectral and morphological characteristics
of diffuse galactic emission in the WMAP data were analyzed. Microwave haze or cosmic
microwave background (CMB), with a magnitude about 0.2-6 (k]y/sr) at 23 GHz, was
observed in the inner Galaxy on all the residual maps. The spectrum of microwave haze
matched that of synchrotron emission from cosmic-ray electrons.

Figure 14a shows the differential spectral emissivity attributed to synchrotron radia-
tion, djsy /dE (cm3/sr/s/eV), with Ny = 1and |B| = 7 (uG). It is observed that the radiation
at v = 23 GHz is mainly contributed by the electrons with energy of E ~ 10°-10'? (eV).

Figure 14b shows the skymap of simulated synchrotron radiation I at 23 GHz, con-
tributed by non-thermal electrons. The maximum radiation intensity is about 3 x 101
(keV/cm?/s/Hz/sr) = 5 x 1072 (Jy/sr), which is about four orders weaker than
0.2-6 (kJy/sr) in the observed microwave haze [49].

Various mechanisms have been proposed to explain microwave haze, including galac-
tic wind, starburst, second-order acceleration, AGN jet and dark-matter annihilation [50].
In [51], a semi-analytical model was proposed to study microwave haze and its relevance
to the Fermi bubbles. A reverse shock was predicted to re-accelerate cosmic-ray elec-
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Figure 14. Differential spectral emissivity attributed to synchrotron radiation and skymap of simu-
lated synchrotron radiation at 23 GHz, (a) djsy /dE (cm3/sr/s/eV), with Ny = 1 and |B| = 7 (uG),
(b) I (keV/cm?/s/Hz/sr) at 23 GHz. The unit of I is transformed to that of skymaps in y-rays and
X-rays.

The reverse shock in [51] was predicted at r ~ 1 (kpc), which fell within the tangential
discontinuity around r ~ 3 (kpc). As shown in Figure 3a, the reverse shock was located
in a very dilute region; hence, it could barely be observed in the simulations. In this
work, possible mechanisms of galactic wind, starburst, second-order acceleration and
dark-matter annihilation are not included; hence, the observed microwave haze cannot be
well reconstructed.

Highlights and Prospects

An RMHD model, a leptonic emission model and a hadronic emission model have been
integrated to reconstruct Fermi bubbles and eROSITA bubbles on the skymap, including
shape, size and radiation intensity. The plasma distributions after a jet eruption from
the galactic center are simulated with the RMHD model, manifesting forward shock and
discontinuity transition that match the size and shape of the observed eROSITA bubbles
and Fermi bubbles, respectively. A set of parameters are adjusted to successfully reconstruct
skymaps of emission in y-rays and X-rays, respectively, which match well with the observed
Fermi bubbles and eROSITA bubbles, respectively, in shape, size and radiation intensity.

The effects of initial mass distribution in the Galaxy and the magnetic field on the
evolution of plasma distributions have been investigated. The initial mass in the Galaxy
tends to impede the expansion of bubbles, and the magnetic field induces more complicated
features internal to the bubbles.

The effects of jet mass density (p;) and jet internal energy density (¢;) have been
analyzed. If the jet mass density and the ejected kinetic power increase, while the ejected
thermal power is fixed, the resulting mass density increases while the temperature decreases
within the Fermi bubbles. If the ejected thermal power decreases while the jet mass density
and the ejected kinetic power are fixed, the bubbles will expand slower. If the ejected
kinetic energy is large, a depletion region with low temperature will be induced behind the
forward shock.

Subtle differences between the spiral-arm model and the galactic disk model on the
evolution of plasma distributions are compared. The shape, size and internal features in
the resulting distributions of these two models are very similar. The mass density in the
outer shell with the spiral-arm model is a little lower than that with the galactic disk model,
and the temperature in the outer shell with the spiral-arm model is a little higher than that
with the galactic disk model.
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The energy spectrum of non-thermal electrons, the spectra of cosmological microwave
background and interstellar radiation fields, as well as the spectrum of inverse Compton
scattering haven been revisited.

Different emission mechanisms of leptonic and hadronic processes have been analyzed.
The contributions to y-rays from leptonic and hadronic processes are comparable, under
the condition of a1 > a1,, which implies the hadronic process is much more efficient than
the leptonic process in emitting y-rays. The X-ray emission is mainly contributed by the
leptons. The emission of Fermi bubbles and eROSITA bubbles are attributed to both leptons
and hadrons. In the leptonic process, inverse Compton scattering dominates in both X-ray
and 7y-ray emission. In the hadronic process, secondary electrons contribute most of the
7-ray emission.

5. Conclusions

An RMHD model, a leptonic emission model and a hadronic emission model have
been integrated to reconstruct the observed Fermi bubbles and eROSITA bubbles. The
plasma distributions induced by a jet eruption from the center of our Milky Way Galaxy are
simulated, manifesting an outer shell and a central lobe which match the eROSITA bubbles
and the Fermi bubbles, respectively, in shape and size. The skymap of radiation intensity
computed with the simulated plasma distributions match well with the Fermi bubbles in
v-rays and the eROSITA bubbles in X-rays. The emission from Fermi bubbles and eROSITA
bubbles is contributed by both leptons and hadrons.

The emission mechanisms of leptonic and hadronic processes have been revisited.
Among the leptonic processes, inverse Compton scattering dominates in both X-ray and
7-ray emission. Among the hadronic processes, secondary electrons contribute most of
the y-ray emission. The number density of non-thermal leptons is much higher than that
of non-thermal hadrons. The contributions from leptons and hadrons are comparable in
-ray emission, implying that the hadronic process is much more efficient than the leptonic
process in emitting y-rays. The X-ray emission is mainly contributed by the leptons.

The initial mass distribution in the Galaxy tends to impede the expansion of bubbles,
and the magnetic field tends to induce complicated features internal to the bubbles. Subtle
differences attributed to different models or factors have also been investigated, including
the spiral-arm model versus the galactic disk model on the plasma distributions, the energy
spectrum of non-thermal electrons, the spectra of cosmological microwave background and
interstellar radiation fields, and the spectrum of inverse Compton scattering. Synchrotron
radiation from plasma distribution is computed, and possible mechanisms of microwave
haze have been briefly discussed.

Author Contributions: Conceptualization, C.-J.C. and J.-EK; Data curation, C.-J.C.; Formal analysis,
C.-J.C. and J.-EK,; Investigation, C.-].C. and J.-EK.; Methodology, C.-].C. and J.-EK_; Project adminis-
tration, J.-FK.; Resources, J.-EK.; Software, C.-].C.; Supervision, J.-FK,; validation, C.-].C. and J.-EK.;
Visualization, C.-J.C. and J.-EK.; Writing—original draft, C.-].C.; Writing—review and editing, J.-FK.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: The study did not report any data.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Su, M,; Finkbeiner, D.P. Evidence for gamma-ray jets in the Milky Way. Astrophys. J. 2012, 753, 61. [CrossRef]

2. Su, M;; Slatyer, T.R.; Finkbeiner, D.P. Giant gamma-ray bubbles from Fermi-LAT: Active galactic nucleus activity or bipolar
galactic wind? Astrophys. |. 2010, 724, 1044-1082. [CrossRef]

3. Predehl, P; Sunyaev, R.A.; Becker, W.; Brunner, H.; Burenin, R.; Bykov, A.; Cherepashchuk, A.; Chugai, N.; Churazov, E.;
Doroshenko, V.; et al. Detection of large-scale X-ray bubbles in the Milky Way halo. Nature 2020, 588, 227-231. [CrossRef]
[PubMed]


http://doi.org/10.1088/0004-637X/753/1/61
http://dx.doi.org/10.1088/0004-637X/724/2/1044
http://dx.doi.org/10.1038/s41586-020-2979-0
http://www.ncbi.nlm.nih.gov/pubmed/33299190

Universe 2024, 10, 279 25 of 26

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tartenas, M.; Zubovas, K. Improving black hole accretion treatment in hydrodynamical simulations. Mon. Not. R. Astron. Soc.
2022, 516, 2522-2539. [CrossRef]

Kormendy, J.; Ho, L.C. Coevolution (or not) of supermassive black holes and host galaxies. Annu. Rev. Astron. Astrophys. 2013, 51,
511-653. [CrossRef]

Yang, H.Y.; Ruszkowski, M.; Ricker, PM.; Zweibel, E.; Lee, D. The Fermi bubbles: Supersonic active galactic nucleus jets with
anisotropic cosmic-ray diffusion. Astrophys. J. 2012, 761, 175. [CrossRef]

Zhang, R.; Guo, F. Simulating the Fermi bubbles as forward shocks driven by AGN jets. Astrophys. J. 2020, 897, 117. [CrossRef]
Yang, H.-Y.K.; Ruszkowski, M.; Zweibel, E.G. Fermi and eROSITA bubbles as relics of the past activity of the Galaxy’s central
black hole. Nat. Astron. 2022, 6, 584-591. [CrossRef]

Yang, H.-Y.K,; Ruszkowski, M.; Zweibel, E.G. Unveiling the origin of the Fermi bubbles. Galaxies 2018, 6, 29. [CrossRef]

Owen, E.R; Yang, H.-Y.K. Emission from hadronic and leptonic processes in galactic jet-driven bubbles. Mon. Not. R. Astron. Soc.
2022, 516, 1539-1556. [CrossRef]

Owen, E.R; Yang, H.-Y.K. Multi-wavelength emission from leptonic processes in ageing galaxy bubbles. Mon. Not. R. Astron. Soc.
2022, 510, 5834-5853. [CrossRef]

Ko, C.M.; Breitschwerdt, D.; Chernyshov, D.O.; Cheng, H.; Dai, L.; Dogiel, V.A. Analytical and numerical studies of central
galactic outflows powered by tidal disruption events: A model for the Fermi bubbles? Astrophys. . 2020, 904, 46. [CrossRef]
Mou, G.; Yuan, E; Bu, D.; Sun, M.; Su, M. Fermi bubbles inflated by winds launched from the hot accretion flow in SGR A.
Astrophys. ]. 2014, 790, 109. [CrossRef]

Pshirkov, M.S.; Vasiliev, V.V.; Postnov, K.A. Evidence of Fermi bubbles around M31. Mon. Not. R. Astron. Soc. 2016, 459, L76-L80.
[CrossRef]

Li, J.T.; Hodges-Kluck, E.; Stein, Y.; Bregman, ].N.; Irwin, J.A.; Dettmar, R.J. Detection of nonthermal hard X-ray emission from the
“Fermi Bubble” in an external galaxy. Astrophys. J. 2019, 873, 27. [CrossRef]

Landau, L.D; Lifshitz, E.M. Fluid Mechanics, 3rd ed.; Pergamon Press: Oxford, UK, 1966.

Misner, C.W.; Thorne, K.S.; Wheeler, J.A. Gravitation; Macmillan: New York, NY, USA, 1973.

McKinney, J.C.; Gammie, C.F. A measurement of the electromagnetic luminosity of a Kerr black hole. Astrophys. ]. 2004, 611,
977-995. [CrossRef]

Genzel, R.; Eisenhauer, E; Gillessen, S. The Galactic center massive black hole and nuclear star cluster. Rev. Mod. Phys. 2010, 82, 4.
[CrossRef]

Chamandy, L. An analytical dynamo solution for large-scale magnetic fields of galaxies. Mon. Not. R. Astron. Soc. 2016, 462,
4402-4415. [CrossRef]

Crocker, RM,; Jones, D.I; Melia, E; Ott, ].; Protheroe, R.J. A lower limit of 50 microgauss for the magnetic field near the Galactic
Centre. Nature 2010, 463, 65-67. [CrossRef]

Toro, E.F. Riemann Solvers and Numerical Methods for Fluid Dynamics: A Practical Introduction, 3rd ed.; Springer: Berlin/Heidelberg,
Germany, 2009.

Londrillo, P.; Zanna, L.D. On the divergence-free condition in Godunov-type schemes for ideal magnetohydrodynamics: The
upwind constrained transport method. J. Comput. Phys. 2004, 195, 17-48. [CrossRef]

Chang, C.-J.; Kiang, J.-F. Simulations of switchback, fragmentation and sunspot pair in é-sunspots during magnetic flux emergence.
Sensors 2021, 21, 586. [CrossRef] [PubMed]

Chang, C.-].; Kiang, J.-F. Simulations on synchrotron radiation intensity and rotation measure of relativistic magnetized jet PKS
1502+106. Universe 2023, 9, 235. [CrossRef]

Peraiah, A. An Introduction to Radiative Transfer: Methods and Applications in Astrophysics; Cambridge University Press: New York,
NY, USA, 2001.

Pacholczyk, A.G. Radio Astrophysics: Nonthermal Processes in Galactic and Extragalactic Sources; W. H. Freeman and Company:
San Francisco, CA, USA, 1970.

Rybicki, G.B.; Lightman, A.P. Radiative Processes in Astrophysics; Harvard-Smithsonian Center for Astrophysics: Cambridge, MA,
USA, 1979.

Oka, M,; Birn, J.; Battaglia, M.; Chaston, C.C.; Hatch, S.M.; Livadiotis, G.; Imada, S.; Miyoshi, Y.; Kuhar, M.; Effenberger, F.; et al.
Electron power-law spectra in solar and space plasmas. Space Sci. Rev. 2018, 214, 82. [CrossRef]

Ahnen, M.L. On integral upper limits assuming power-law spectra and the sensitivity in high-energy astronomy. Astrophys. J.
2017, 836, 196. [CrossRef]

Gomez, J.L.; Mart, ].M.; Marscher, A.P; Ibez, ] M.; Marcaide, ].M. Parsec-scales synchrotron emission from hydrodynamic
relativistic jets in active galactic nuclei. Astrophys. J. 1995, 449, L19-L21. [CrossRef]

Yang, H.-Y.K.; Ruszkowski, M. The spatially uniform spectrum of the Fermi bubbles: The leptonic active galactic nucleus jet
scenario. Astrophys. J. 2017, 850, 2. [CrossRef]

Press, W.H.; Teukolsky, S.A.; Vetterling, W.T.; Flannery, B.P. Numerical Recipes in C: The Art of Scientific Computing, 2nd ed.;
Cambridge University Press: Cambridge, MA, USA, 1992.

Dermer, C.D.; Menon, G. High Energy Radiation from Black Holes: Gamma Rays, Cosmic Rays, and Neutrinos; Princeton Series in
Astrophysics; Princeton University Press: Princeton, NJ, USA, 2009.


http://dx.doi.org/10.1093/mnras/stac2330
http://dx.doi.org/10.1146/annurev-astro-082708-101811
http://dx.doi.org/10.1088/0004-637X/761/2/185
http://dx.doi.org/10.3847/1538-4357/ab8bd0
http://dx.doi.org/10.1038/s41550-022-01618-x
http://dx.doi.org/10.3390/galaxies6010029
http://dx.doi.org/10.1093/mnras/stac2289
http://dx.doi.org/10.1093/mnras/stac119
http://dx.doi.org/10.3847/1538-4357/abbda4
http://dx.doi.org/10.1088/0004-637X/790/2/109
http://dx.doi.org/10.1093/mnrasl/slw045
http://dx.doi.org/10.3847/1538-4357/ab010a
http://dx.doi.org/10.1086/422244
http://dx.doi.org/10.1103/RevModPhys.82.3121
http://dx.doi.org/10.1093/mnras/stw1941
http://dx.doi.org/10.1038/nature08635
http://dx.doi.org/10.1016/j.jcp.2003.09.016
http://dx.doi.org/10.3390/s21020586
http://www.ncbi.nlm.nih.gov/pubmed/33467536
http://dx.doi.org/10.3390/universe9050235
http://dx.doi.org/10.1007/s11214-018-0515-4
http://dx.doi.org/10.3847/1538-4357/aa5b97
http://dx.doi.org/10.1086/309623
http://dx.doi.org/10.3847/1538-4357/aa9434

Universe 2024, 10, 279 26 of 26

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.
47.

48.

49.

50.
51.

Kataszynski, K.; Sol, H.; Kus, A. The multifrequency emission of Mrk 501 from radio to TeV gamma-rays. Astron. Astrophys. 2001,
367, 809-825. [CrossRef]

Kafexhiu, E.; Aharonian, F,; Taylor, A.M.; Vila, G.S. Parametrization of gamma-ray production cross sections for pp interactions in
a broad proton energy range from the kinematic threshold to PeV energies. Phys. Rev. D 2014, 90, 123014. [CrossRef]

Kelner, S.R.; Aharonian, FA.; Bugayov, V.V. Energy spectra of gamma rays, electrons, and neutrinos produced at proton-proton
interactons in the very high energy regime. Phys. Rev. D 2006, 74, 034018. [CrossRef]

Miniati, . COSMOCR: A numerical code for cosmic ray studies in computational cosmology. Comput. Phys. Commun. 2001, 141,
17-38. [CrossRef]

The Milky Way Galaxy. 2017. Available online: https://science.nasa.gov/resource/the-milky-way-galaxy (accessed on 25
June 2023).

Gillessen, S.; Plewa, PM.; Eisenhauer, F; Sari, R.E.; Waisberg, I.; Habibi, M.; Pfuhl, O.; George, E.; Dexter, J.; von Fellenberg, S.;
et al. An update on monitoring stellar orbits in the galactic center. Astrophys. J. 2017, 837, 30. [CrossRef]

Landau, L.D.; Lifshitz, E.M. Statistical Physics, 2nd ed.; Pergamon Press: Oxford, UK, 1969.

Moskalenko, I.V.; Porter, T.A.; Strong, A.W. Attenuation of very high energy gamma rays by the Milky Way interstellar radiation
field. Astrophys. J. 2006, 640, L155-L158. [CrossRef]

Popescu, C.C.; Yang, R.; Tuffs, R.J.; Natale, G.; Rushton, M.; Aharonian, F. A radiation transfer model for the Milky Way: L
Radiation fields and application to high-energy astrophysics. Mon. Not. R. Astron. Soc. 2017, 470, 2539-2558.

[CrossRef]

Niederwanger, F.; Reimer, O.; Kissmann, R.; Strong, A.W.; Popescu, C.C.; Tuffs, R. The consequence of a new ISRF model of the
Milky Way on predictions for diffuse gamma-ray emission. Astropart. Phys. 2019, 107, 1-14. [CrossRef]

Vink, J. Non-thermal bremsstrahlung from supernova remnants and the effect of Coulomb losses. Astron. Astrophys. 2008, 486,
837-841. [CrossRef]

Aitoff Projection. Available online: http://en.wikipedia.org/wiki/Aitoff_projection (accessed on 24 July 2023).

Lee, S.K.; Lisanti, M.; Safdi, B.R.; Slatyer, T.R.; Xue, W. Evidence for unresolved y-ray point sources in the inner galaxy. Phys.
Review Lett. 2016, 116, 051103. [CrossRef] [PubMed]

Mou, G.; Sun, D.; Fang, T.; Wang, W.; Zhang, R.; Yuan, F; Sofue, Y.; Wang, T.; He, Z. Asymmetric eROSITA bubbles as the evidence
of a circumgalactic medium wind. Nat. Commun. 2023, 14, 781. [CrossRef]

Dobler, G.; Finkbeiner, D.P. Extended anomalous foreground emission in the WMAP three-year data. Astrophys. J. 2008, 680,
1222-1234. [CrossRef]

Dobler, G. A last look at the microwave haze/bubbles with WMAP. Astrophys. ]. 2012, 750, 17. [CrossRef]

Crocker, R.M.; Bicknell, G.V.; Taylor, A.M.; Carretti, E. A unified model of the FERMI bubbles, microwave haze, and polarized
radio lobes: Reverse shocks in the galactic center’s giant outflows. Astrophys. J. 2015, 808, 107. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1051/0004-6361:20000538
http://dx.doi.org/10.1103/PhysRevD.90.123014
http://dx.doi.org/10.1103/PhysRevD.74.034018
http://dx.doi.org/10.1016/S0010-4655(01)00293-4
https://science.nasa.gov/resource/the-milky-way-galaxy
http://dx.doi.org/10.3847/1538-4357/aa5c41
http://dx.doi.org/10.1086/503524
http://dx.doi.org/10.1093/mnras/stx1282
http://dx.doi.org/10.1016/j.astropartphys.2018.11.001
http://dx.doi.org/10.1051/0004-6361:200809669
http://en.wikipedia.org/wiki/Aitoff_projection
http://dx.doi.org/10.1103/PhysRevLett.116.051103
http://www.ncbi.nlm.nih.gov/pubmed/26894697
http://dx.doi.org/10.1038/s41467-023-36478-0
http://dx.doi.org/10.1086/587862
http://dx.doi.org/10.1088/0004-637X/750/1/17
http://dx.doi.org/10.1088/0004-637X/808/2/107

	Introduction
	RMHD Model and Emission Mechanisms
	Emission Mechanisms of Leptons
	Emission Mechanisms of Hadrons

	Simulations on Magnetized Jets in Milky Way Galaxy
	Simulations on Emission from Fermi Bubbles and eROSITA Bubbles
	Conclusions
	References

