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The emission mechanisms and regions of multi-wavelength photons from radio galaxies are
unknown. The emission from Magnetically Arrested Disks (MADs) with strong magnetic fields
at the center of radio galaxies can explain the high-energy gamma-ray data, but the MAD model
cannot explain the observational X-ray data. One possible scenario to explain radio to X-ray
data is the emission from jets. We construct the Jet-MAD model taking into account the multi-
wavelength emission from the jets and from the MADs with the particle injection model based
on magnetic reconnection in the black hole magnetosphere. We apply the Jet-MAD model to
MS87 and compare it with the simultaneous multi-wavelength observational data. We consider the
two-acceleration mechanism inside the jet: magnetic reconnection and Alfvén wave dissipation.
We find that the Jet-MAD model can explain the radio to gamma-ray observational data with the
magnetic reconnection scenario, but the Jet-MAD model cannot explain the observational data
with the Alfvén wave dissipation scenario. We conclude that the magnetic reconnection likely
accelerates the particles inside the jet.
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1. Introduction

Radio-loud active galactic nuclei (AGNs) have powerful relativistic jets. These AGNs emit
radiations from radio to GeV-TeV gamma rays, but the emission mechanism and region are still
unknown. The synchrotron and inverse Compton scattering processes by the energetic particles
are considered as the emission mechanisms in the standard scenario. However, if we try to
explain the observational data by the leptonic jet model, the required magnetic field to explain
the observational data is lower than that estimated by the observation of the radio core shift [1].
Another scenario is proposed that the hadronic emission from the Magnetically Arrested Disks
(MADs) around the central supermassive black hole (BH) [2]. The MAD model can explain the
gamma-ray observational data, but cannot explain the radio and X-ray data [3]. We consider the
radio to X-rays originate from the jets. We construct the model of multi-wavelength emission
from jets and accretion disks by using the particle injection model [4], [5]. In the injection
model, the particles are accelerated by the magnetic reconnection nearby the BH magnetosphere
[6]. The accelerated particles emit photons that produce electron-positron pairs via two-photon
interaction(y + y — e* + ¢7), and thus the injection model considers that the produced electron-
positron pairs are injected into the jet.

We explain the Jet-MAD model in section 2. In section 3, we apply this model to M87 and
change the acceleration mechanism to investigate which mechanism is likely by comparing the pho-
ton spectra obtained by the Jet-MAD model and the simultaneous multi-wavelength observational
data. In section 4, we summarize and discuss the Jet-MAD model.

2. Jet-MAD Hybrid Model

We show the schematic image of the Jet-MAD model in Fig.1. In the MADs, particles
are accelerated by the magnetic reconnection in the accretion flows and emit broadband photons
via synchrotron radiation. The magnetic reconnection also occurs in the vicinity of the BH and
accelerates the particles that emit the photons. The electron-positron pairs produced by the two-
photon interaction form the blob. The blob propagates along the magnetic field lines. The
acceleration mechanism in the blob is unknown. We consider two acceleration mechanisms. First,
the velocity difference between the blob and the ambient gas causes Kelvin-Helmholtz instability
(KHI), and we consider that magnetic reconnection occurs due to turbulence. Second, the Alfvén
waves are produced by the accretion flows or by the wind. We consider the particles are accelerated
by the magnetic reconnection or dissipation of the Alfvén waves. They emit the photons from radio
to X-rays via synchrotron radiation.

2.1 MAD model

We use the MAD model constructed by the [2] and [3], for completeness, we briefly describe
the MAD model. In the MAD, we consider the high-temperature plasma accretes onto the BH of
mass Mpy. The mass accretion rate m and the radiation region R are normalized by the Eddington
rate and the gravitational radius, respectively, i.e., Mc? = rlLggg, R = rRy = rGM/ 2. We
use the notation Q, = Q/10* except for the BH mass, M (My = Mgy/(10°My)). We consider
electrons and protons to be accelerated by the magnetic reconnection at the edge of the accretion
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flow and emit multi-wavelength photons via synchrotron radiation. We determine the temperature
of the thermal electrons by using the balance between the heating rate and the radiative cooling
rate. Thermal electrons emit radio to UV via synchrotron radiation and Comptonization. We
consider the differential number density of nonthermal particles to be power-law whose power-law
index is sipj. Nonthermal electrons and protons emit the X-rays to MeV gamma-rays and GeV
gamma-rays, respectively. Nonthermal protons interact with the radio via the Bethe-Heitler process
(p+v — p+e+e7) and produce electron-positron pairs. The electron-positron pairs produced
by the Bethe-Heitler process emit TeV-gamma rays via synchrotron radiation. TeV gamma-rays
interact with optical by the two-photon interactions (y +y — e* + e¢™). The electron-positron pairs
produced by the two-photon interaction emit X-rays to MeV gamma-rays via synchrotron radiation.
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Figure 1: Schematic image of the Jet-MAD model. Magnetic reconnection in the vicinity of the BH
accelerates the particles, and the particles emit the photons via synchrotron radiation. Radio blob consists

of electron-positron pairs produced by the two-photon interaction. Electrons inside the blob emit radio, opt,
and X-rays via synchrotron radiation. Protons in the MADs emit gamma rays via synchrotron radiation.

2.2 Dynamical properties

We consider that magnetic field strength around the BH that has the MAD is estimated to be
Buaa = [Mc®2y/(472r3) = 1.1 x 10°My P! a1 7 G, where ®pag = 500paq 17 is the
saturated magnetic flux of the MAD. High-resolution general relativistic magnatohydrodynamics
simulations with a BH spin parameter a = 0.935 suggests that the magnetic reconnection occurs
in a radius rec ® 2R, and we fix the rec = 2R, in this study for simplicity. We estimate the
reconnecting magnetic field to be Brec = V2Bumad (Frec /rg)_2 ~ 39x 103M9_ 1/ Zml_/fq)rec’m G,
where @ = \/ECDmad(rreC / rg)_2 is the magnetic flux in the magnetic reconnection region. In

[5], the maximum energy of the particles is assumed as ymax = 40 due to the dissipation of the
magnetic energy via magnetic reconnection. In this study, we estimate the stady-state o by solving
the Eq.(20) of [5], where B = Brec, £ = lrec ~ 1g. This o is the value at the base of the jet.



Jet-MAD hybrid multi-wavelength emission model Riku Kuze

We assume the magnetization parameter at the dissipation region as the free parameter &. At the
dissipation region, proton and electrons are injected into the blob from the ambient gas due to the
KHI, and thus, & can be less than 1.
We assume the radius of the blob in the dissipation region to be R,. The equation of energy
conservation is written as
L; = (U, +U, +Up)nRic, (1)

where L;, U, U, Up are the luminosity of the jet L; = nMc?, n is the fraction of accretion energy
to the jet kinetic luminosity, the energy density of the electron, the energy density of the proton
and the energy density of the magnetic field, respectively. We consider the energy flux is injected
into the jet by the Blandford-Znajek process, and thus, the injected energy flux is proportional to
the sin®#. We consider the blob size at the base of the jet to be Ryp ~ Rg, and the length of
the reconnection region in the vicinity of the BH is ree = 2R,. Then, the angle of the blob to
the reconnection region is estimated to be tan 0 = Ry /rrec & 0.5 ~ 6. We estimate the fraction
to be n = f;;f_ 0 sin® 0d6/( /Oﬂ/z sin? @df) ~ 0.58. The magnetic energy density is written as
Ug = B>/(87) = 0.5(U, + U,)0, and thus, we estimate the magnetic field to be

_ Lj iy Jox
"\ 1+0.55 angc‘

2

2.3 Particle Distribution

Because of the energy conservation, the number density of the particles at the base of the jet is

estimated to be L . .
nd = —~ : 3)
1+0.50 nRic mec?

where the o is the steady-state magnetization parameter estimated by the Eq.(20) of [5]. Next, we
estimate the number density of particles at the dissipation region. We assume the charge neutrality,
fle = fi,,. Since the proton mass is much higher than the electron mass, we consider the sum of the
energy density of the electron and proton is written as U, + U, ~ ii,m pcz. We estimate the number
density of the electron to be

_ L; 1 1

=fip = . 4
" T T 1055 mpe? iR @

In this study, we use the number density of electrons as n, = max(n?, 7i,).
To obtain the energy distribution of nonthermal particles, we solve the steady-state transport

equation:

) = Ne,inj - Ne(y)’ (5)

€sc

_d [yNe(y)
dy

where N, (7y) is the differential number density of electrons, z.o is the cooling time, and 7. is the

Tcool

escape time of electrons from the blob. The analytic solution of this equation is given in Eq.(C.11)

in the [9]. We consider the cooling process of the electron as synchrotron radiation and synchrotron

-1

self-Compton scattering, and thus, we calculate the cooling time as t_', = 7! + ¢!, We calculate
cool syn IC

the t;c given by subsection 2.6 of [10]. The escape time is estimated to be tese = Rp/c. In this
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study, the blob size is estimated to be R, = ct,6p =~ 100R,, where t, is the variability timescale
and op is the Doppler factor. We use the variability timescale as the free parameter. For M87, the
distance between the jet and the black hole is considered as z ~ R3/? from the observations of the
jet [11], [12], and thus, we consider the distance z ~ 1000R, for R, = 100R,. We estimate the
Lorentz factor I" of the jet at z ~ 1000R, to be approximately I'3 ~ 0.8 [13]. The jet angle of the
MB87 is estimated as 6; ~ 17 deg by the observation of jet and counter jet proper motions [14], and
thus, the Doppler factor is estimated to be dp ~ 1.9.
The injection term of the transport equation is written as

()" & < youm)
(V?n/in)_p eXp (_ z ) (¥ > Ymin)

Ymax

Ne inj = No , (6)

where the minimum and maximum Lorentz factors are assumed to be yin = (6B/B)*n pip [ (Neme)o
and ymax = £€(6B/B)*c, respectively. The 0B is the amplitude of the turbulent magnetic field, and
the £ represents the effect of the density reduction due to the expansion of the blob by the velocity
dispersion of the blob. We calculate the normalization, N, as N, = nenRic = f]w Ne,injdy. We
calculate the luminosity of the electron as L, = floo Ne,injymeczdy, and we restrict it not to exceed
the sum of the electron and proton luminosity L, = (U, + U p)nRic = L;/(1+0.56). We consider
that the accelerated particles are power-law distribution at a certain o, and the injection of these
accelerated particles continues from o to 6. Hence, we consider that the superposition of these
particle distributions has the index p. In this study, we do not consider the radiation from protons
since protons escape from the blob before they emit photons by synchrotron cooling.

3. Results

We apply the Jet-MAD model to the M87 and show the result in Figure 2. We tabulate
the parameters and the physical quantities for M87 in Table 1. Figure 2 shows that the thermal
synchrotron radiation from the MAD and the synchrotron radiation by the jet can explain the radio
data. Synchrotron radiation from the jet can explain the optical to ultraviolet and soft X-ray data.
Synchrotron radiation by nonthermal electrons and nonthermal protons from MAD can explain
hard X-rays data and GeV gamma-ray data, respectively. Synchrotron radiation from the electron-
positron pairs produced by the Bethe-Heitler process in the MAD can explain the TeV gamma-ray
data. Synchrotron self-Compton in the jet does not work due to the high magnetic energy density.

3.1 Acceleration by the Alfvén wave dissipation

We consider the Alfvén waves to be generated by the accretion flows or by the wind and
propagate along the magnetic field lines around the jet. The propagating Alfvén wave splits into
a forward sound wave and a backward Alfvén wave due to the mode decay. The backward Alfvén
wave and the forward Alfvén wave interact with each other and result in Alfvén turbulence inside
the blob. We consider that the particles are accelerated by the dissipation of these Alfvén waves.
For efficient mode decay, the amplitude of the magnetic field perturbation must be low for the highly
magnetized plasma. Therefore, we assume 6B/B ~ 0.01, and thus, the maximum energy of the
particle is much lower than that of the magnetic reconnection. We show the result in Fig.3 and find
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Figure 2: Photon spectrum fit to the M87. The thick and thin lines are the photon spectra after and
before internal attenuation by the two-photon interaction, respectively. Gray points are the simultaneous
observational data taken from [15]. Blue and orange shaded regions are power-law and log-parabola
fitting spectrum taken from the Fermi-4FGL-DR3 catalog (https://fermi.gsfc.nasa.gov/ssc/data/
access/lat/12yr_catalog/).

Table 1: The list of the parameters and the physical quantities of the Jet-MAD model for M87.

Parameters of the Jet-MAD model
m M[Mg] I Sinj o p & OB/B t
6x1075 63x10° 10 14 0.01 2.18 10° 033 2x10°

Physical quantities
o Biu[G] ne [1/em’] L; [erg/s] L. [erg/s] 6p
1.0x 105  0.05 14.5 2.8x 108  1.3x10* 1.9

that the maximum energy is too low to explain the soft X-rays data due to the inefficient acceleration
by the Alfvén wave dissipation.

3.2 Acceleration by the Magnetic reconnection

Recent particle-in-cell simulations show that the differential number density of particles has
power-law tail beyond the maximum energy [16]. We assume the index of the power-law tail as 2.5
or 3.0 and apply it to the M87. We show the results in Figure.4. This result shows that the Jet-MAD
model can explain the multi-wavelength observational data even if the differential number density
has the power-law tail. We consider that magnetic reconnection is favored as the acceleration

mechanism.
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Figure 3: Same as Figure 2, but with the acceleration by the Alfvén wave dissipation.
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Figure 4: Same as Figure 2, but with the power-law tail beyond the maximum energy. The left and right
panels are the photon spectra with the power-law tail index is 2.5 and 3.0, respectively.

4. Summary and Discussion

We construct the two-zone Jet-MAD hybrid multi-wavelength emission model that takes into
account the emission from the blob, which consists of electron-positron pairs produced by magnetic
reconnection near the BH magnetosphere, and the emission from the MAD around the BH. We
find that the Jet-MAD model can explain the simultaneous multi-wavelength observational data for
M87.

This result suggests that the jet is composed of electron-positron pairs produced by magnetic
reconnection in the vicinity of the BH magnetosphere and electron-protons injected from outside
the jet by the KHI. The maximum energy of protons ymax is about 107, and the neutrino production
by the photopion process (p +y — p + m) requires about 10eV photons. However, the number
density of the 10eV photons is low, and thus, we consider the neutrino emission from the jet to be
inefficient. Synchrotron radiation from jets can explain the optical, UV, and soft X-ray observational
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data. Synchrotron radiation by the nonthermal electrons and protons can explain the hard X-rays to
gamma-ray observational data. We consider that the lower the energy of photons is, and farther the
emission region is.

In addition, we consider the two different acceleration mechanisms and apply them to the
MS&7. We find that the Alfvén wave dissipation acceleration scenario is disfavored because the Jet-
MAD model cannot explain the observational data in this case. We consider the other acceleration
mechanism as magnetic reconnection. Inthis case, the Jet-MAD model can explain the observational
data for both the exponential cut-off and the power-law tail. This result suggests that magnetic
reconnection scenario is favored as the acceleration mechanism inside the blob. The soft power-
law index is required to explain the observational data, and thus, we consider that more energy is
released to the particles for the lower magnetization parameter.
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