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Recent radio very long baseline interferometry (VLBI) observations reveal a triple-ridge emis-
sion structure of the relativistic jet in M 87 radio galaxy that consists of the conventional limb-
brightened feature and a narrow central ridge. Motivated by these observations, we examine a
steady axisymmetric force-free model of a jet driven by the central black hole with its electro-
magnetic structure being consistent with general relativistic magnetohydrodynamic (GRMHD)
simulations, and shown that the model with a velocity field associated with the electromagnetic
field and a simple Gaussian distribution of emitting electrons at the jet base can produce the
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1. Introduction

Relativistic jets have been observed in many astrophysical systems such as black hole binaries,
gamma-ray bursts, and active galactic nuclei (AGNs). The long-standing problems of AGN jets are
its launching mechanism and the injection mechanism.

It has been discussed during many years whether jets are launched by a black hole located
at the center of a galaxy or an accretion disk surrounding the black hole [0, I, B, B, B, B, @]. The
former mechanism is called the Blandford-Znajek (BZ) Process, and the latter one is called the
Blandford-Payne (BP) process. Recent sophisticated general relativistic magnetohydrodynamic
(GRMHD) simulations show that the globally ordered magnetic field is realized only in the funnel
region around the rotation axis. A relativistic jet appears to form via the BZ process, while the disk
wind is non-relativistic (e.g., [R, B, [0, [, [A])

It is not clear how the jetted matter is injected. The globally ordered magnetic field prevents the
surrounding thermal plasma particles from diffusing into the jet. In GRMHD simulations, the fluid
density in the jet launching region becomes very low and reaches the density floor value, which
is set artificially to compute correctly. It is thought that electron-positron pair creation by ambient
photons [[3, [4] and by high-energy photons emitted by electrons accelerated in the MHD-violated
region or gap [, [3, I8, [, [V, ] can be plausible for the particle injection mechanism.

Radio very long baseline interferometry (VLBI) observations can resolve some of the AGN
jets. Especially, the jet of M 87 galaxy has been observed to investigate the jet physics due to its
proximity. Observations have shown that the M 87 jet has a characteristic emission structure called
"the limb-brightened structure," in which the jet edge is brighter than the vicinity of the jet axis
(b0, O, D2, D3, 24, P3]. This structure is considered to be explained by a black hole driven jet
model [Zd]. Slowly spinning black holes and Keplerian disks do not efficiently accelerate the flow.
The fluid velocity becomes toroidal dominant, which leads to highly asymmetric images that are
not consistent with the observed emission structure.

Recently, high-sensitivity observations with VLBA + phased-VLA [[Z2] and analysis of VSOP
data [8], and stacked VLBA images [Z9] have revealed the "triple-ridge" emission structure of the
M 87 jet that consists of the limb-brightened feature and a narrow central ridge. We focus on this
newly discovered emission structure and show that this structure can be explained by the steady
axisymmetric force-free jet model, which follows the formulations of [28].

2. Force-free jet model

We examined a special relativistic steady axisymmetric force-free jet model in which the elec-
tromagnetic field shape is consistent with the results of GRMHD simulations. The poloidal field
can be expressed by the magnetic flux function ¥ as

1 .
By = V¥ §. 2.1)

(r,0,¢) is the standard spherical coordinate. ¢ is the azimuthal unit vector. R = rsin# is the
cylindrical radius and z = rcos 0 is the hight from the equatorial plane. The flux function has been
approximated as

W =Ar"(1Fcos0) 2.2)
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in GRMHD simulations [Bd, [A], where the plus and minus signs stand for the case of z < 0 and
z > 0, respectively. A is a normalization factor. v controls the jet shape. When v = 0, the field
lines are the radial shape and when v = 1, they are parabolic. The toroidal field component is given

approximately by [BT]
2QpY

Rc
c is the speed of light and QF corresponds to the angular velocity. The electric field is determined
from the ideal MHD condition

By =7 (2.3)

1 RQE A
E=——-QpV¥=—-—""¢ xB. (2.4)
c c
In a force-free model, we cannot determine the velocity field of the fluid. We assume it as the
drift velocity which is consistent with the velocity in the Poynting flux dominated cold MHD jet

del
mode ExB

B2
The fluid density n follows the continuity equation,

. B
v=c = RQpd —RQFB%B. 2.5)

V- (nv) =0, (2.6)

and the density of the emitting electrons is set to a certain fraction of the fluid density. The param-
eters R,,z; and A determine the density at the jet base.

(R—Ry)’
R = —_ 2.7
I’l( azl) ”03Xp< A2 ’ ( )
where ng is the normalization factor. The continuity equation and the ideal condition leads to
% = constant along the field lines. (2.8)

The energy distribution of the electrons are set to a single power-law spectrum.

Y= fory > v,
f(v/)“{o fory <7 (2.9)

where 7' is the Lorentz factor of electrons measured in the fluid frame, ¥,, is the minimum value of
Y, and p is the power-law index.
We assumed that the radiation is the synchrotron emission from electrons. The emissivity in

_(p 19\-/p 1
F<4+12>F<4—12> (2.10)

from [B2], where e, m,, and I'(x) are the elementary charge, the mass of electron, and the gamma

the fluid frame is

/() = \/g(p—l)eSn’B’sina/< mec®’ >

Jort) = 872y ' "Pm,c2(p+1) \3eB'sina

_p-l
2

function, respectively. B’ = |B’|, and ' is the pitch angle of the electrons defined by cosa’ =

(@’ -B')/|B’|, where /i’ is the unit vector directing toward the observer in the fluid frame. After the
Lorentz transformation, the emissivity in the observer’s frame is
Jol#) = g () @1
? 21— Bu) 7 '
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The intensity is calculated in the optically thin limit.
lo(X,Y) = [ jolh.X.V.2)dz. (2.12)

This model was also used in [Z8]. They showed that this model could reproduce limb-
brightened jet images with the ring-like density distribution at the jet base (R, > 0). We changed
the parameter values and showed that the triple-ridge structure is also obtained with this model.
The model parameters and the values we adopted are listed in Table .

Table 1: Model parameters

Quality symbol value
Mass of the black hole Mgn 6.2 x 10°M,,
Dimensionless Kerr parameter of the BH a 0.998
Rotational frequency of the magnetic field Qp 0.5Qy
Viewing angle ® 15°
Jet Shape (Eq. I2) \% 0.75
Radius where n peaks at z = +z; Ry 0
Height of the plane where n is given 21 5Rs
Width of n distribution A 2Rg
Energy spectral index of the non-thermal electrons p 1.1
Minimal Lorentz factor of the non-thermal electrons Y 100
Luminosity distance to the jet D 16.7 Mpc
Inclination between the jet axis and the major axis of the beam kernel 16°
Beam size 1.14 mas x 0.55 mas

3. Results

We produced computed images with the parameters consistent with the observations and sim-
ulations for the M 87 jet. Figure [l shows the intensity profiles with different parameter values at
25 mas from the black hole in the projected coordinate. The emission structure is susceptible to
the model parameters and the viewing angle ®. We note that these profiles are normalized by the
value at the jet axis (X = 0) of each line.

The outer ridges, which are a conventional limb-brightened component, are produced because
the magnetic field is stronger, and the density is larger compared to the ones near the jet axis. De-
spite the weak magnetic field and the low density, the inner ridge is produced due to the relativistic
beaming effect. The magnetic field is poloidal dominant near the jet axis and toroidal dominant in
the far region. The fluid velocity in our model is perpendicular to the magnetic field. There is a
region in which the velocity becomes parallel to the line of sight. This beaming produces the strong
emissivity in the observer’s frame and the inner ridge component of the jet.

The upper left panel of Figure Il shows the intensity profiles in the case of ® =7°,10°,15°,20°,25°.

For smaller ®, i in the accelerated region, which consists of the outer ridges, becomes close to
unity, which leads to the less clear inner ridge. The upper right panel of Figure [l shows the inten-
sity profiles in the case of v =0.7,0.75,0.8. v = 0.75 is the proposed value by the observations
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Figure 1: Dependence of the transverse intensity profile at ¥ = 25 mas on ® (upper left), v (upper right),
A (lower left), and z; (lower right) from [B3]. The solid line in each panel shows the result with our fiducial
parameters listed in Table M. The dashed, solid, dotted, dashed-dotted, and dashed double-dotted lines
represent the results calculated with changing the parameter values from the fiducial ones. The vertical axis
is normalized by the value at X = 0 of each line.

and numerical calculations [[2]. For smaller v, the jet becomes wide, and the outer ridges become
dominant. The bottom left panel and the bottom right panel of Figure Il show the intensity profiles
in the case of A = 1Rs,2Rs,3Rs and z; = 2.5Rs,5Rs, 7.5Rs, respectively. These parameters are re-
lated to the density distribution. As A increases or z; decreases, the density in the jet edge become
larger and the outer ridges become brighter. Although our setup for the electron density distribution
is a toy model, our results indicate that the observed emission structure can strongly constrain the
spatial electron density distribution when ® and v are estimated by other observational information
such as the blob pattern speed, the brightness ratio between the approaching and counter jets, and
the width profile of the jet.

Our results and discussion are contained in our more detailed companion paper [B3].
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