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could be associated with a BH-powered jet (e.g., [57]). Additional observational clues (e.g., spectral
and velocity gradients across jet) would better understanding of the nature of the central stream.
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Figure 2. Collimation and acceleration of the M87 jet. (Left) Jet collimation profile of M87 (adapted
from work in [47]). (Right) Jet velocity profile of M87 as a function distance (adapted from work in [58]).

2.1.3. Jet Kinematics and Velocity Profile

The kinematics of the M87 jet is still controversial. At kpc scales, the jet proper motion is relatively
well defined [27,59], where the jet is overall superluminal and decelerating from ~6 c at ~100 pc
(HST-1) to ~1 c at >1000 pc. At pc-subpc scales on the other hand, past low-cadence VLBA monitoring
often reported very slow or quasi-stationary speeds [60–63]. However, such low speeds would be
inconsistent with the large jet–counterjet brightness ratio, implying that monthly/yearly monitoring
intervals are insufficient to properly trace the inner jet motion.

In this context, several groups have started more dedicated (biweekly or less) monitoring
programs of the M87 inner jet using various different facilities/frequencies (VLBA at 43 GHz [49,64,65];
KaVA/EAVN at 22/43 GHz [58,66]) (Figure 2 right). Importantly, they consistently detected fast
motions (up to ~2–3 c) within a few 100 Rs from the jet base, which can account for the jet-counterjet
ratio. They also found a trend of gradual acceleration with distance that may connect to the maximum
speed at HST-1. Notably, the observed acceleration regions seem to be coincident with those where the
parabolic jet collimation is seen. This implies that the collimation and acceleration are closely linked
with each other for a wide range of distances from BH, as expected by the magnetic collimation and
acceleration scenarios [13,47].

Nevertheless, these studies also claim the presence of multiple velocity components, even at the
same distances from BH, suggesting that the true jet velocity fields are more complicated. This may
indicate that one speed is associated with a bulk flow while another one traces a pattern or instability
filament [65]. Alternatively, the jet contains velocity stratification where different jet speeds represent
different layers in the jet [58]. Further accumulation of velocity measurements/samples would be
required to discriminate between these scenarios.

2.1.4. Accretion Flows and Winds

The nucleus of M87 is known to be highly underluminous (Lbol ⇠ 1042 erg s�1 ⇠ 10�6LEdd [67])
compared to the luminosity expected from the accretion rate (Ṁ) determined at the Bondi radius
(ṀB ⇠ 0.2 M� yr�1 [53,54]). This indicates that the accretion state of the M87 BH is highly radiatively
inefficient and/or Ṁ near the horizon is much lower than ṀB. Indeed, RM measurements of the
nucleus with the submillimeter array (SMA) at 230 GHz show Ṁ  10�3 M� yr�1 near the BH, at least
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Initial setup:

Initial setup for thin disc around 
Kerr BH. Using code BHAC 
(Porth+2017; Olivares+2019)

m = 0.1 m = 0.4

GRMHD thin disc 3

density profile is calculated on the equatorial plane in spher-
ical Boyer Lindquist (BL) coordinates following Novikov &
Thorne (1973); Page & Thorne (1974). The thin disk approx-
imation implies all the matter occupies the equatorial plane
of the coordinate system (✓ = ⇡/2) and the ✓ component of
the four-velocity u

µ is zero (i.e., u✓ = 0). Under this approx-
imation, the accretion rate (Ṁ), time average radiation flux
(F ), and the time average torque (W r

�) are obtain as,
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The temperature of the flow is obtained considering black-
body distribution of radiation
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where pe and ⇢e are the pressure and density at the equatorial
plane. Considering polytropic equation of state p = K⇢

�, the
density of the fluid at the equatorial plane is obtain as
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where K is a constant related to the entropy of the flow.
Eq. (7) gives the density profile at the equatorial plane. For
o↵ equatorial plane, we consider the density drops along the
vertical direction following a normal distribution, therefore
the general density profile can be written as,
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Here to ensure the thin disc geometry, we choose ↵ = 2, H
is the half disk height of the accretion disc. We follow Ri↵ert
& Herold (1995); Peitz & Appl (1997) to obtain the explicit
expression of H,
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The expression of u
� and u

t on the equatorial plane (✓ =
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Thus, ⇢(r, ✓) and u
�(r, ✓) obtain in Eq. (8) and Eq. (12) serve

as an initial thin disc setup for our simulation models.
To ensure that the code can handle low density envi-

ronments particularly close to the black-hole, a model for
floor density and pressure is set as ⇢flr = ⇢minr

�1/2 and
pflr = pminr

�3/2, with ⇢min = 10�5 and pmin = 10�7.

2.3 Parametric Models

The initial poloidal magnetic field lines threading the accre-
tion disk are prescribed using the vector potential A�. We
follow Zanni et al. (2007) to set the inclined field profile for
the poloidal field lines. The explicit form of the vector poten-
tial is given by

A� / (r sin ✓)3/4
m

5/4

(m2 + tan�2(✓ � ⇡/2))5/8
, (14)

where the parameter m determines the initial inclination of
the poloidal field lines, it is noteworthy that the parame-
ter m plays a very crucial rule in the launching of magneto-
centrifugal disk winds (Blandford & Payne 1982). The incli-
nation angle is measured with respect to the equatorial plane
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Our initial conditions are based on the 
Novikov & Thorne model (Novikov & 
Thorne (1973) ).
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Inner disc structure:
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Mass flux rates:
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Figure 5. Plot of the evolution of the vertical velocity profile (vz) in the polidal plane, (a) model C at t = 500, (b) model C at t = 1000,
(c) model C at t = 2000, (d) model C at t = 4000, (e) model A at t = 4000, (f) model B at t = 4000, (g) model D at t = 4000, and (h)
model F at t = 4000. The grey lines corresponds corresponds to the polar field lines.

(i.e. field lines become more vertical and parallel to Z axis)
resulting in lesser e�ciency for reconnection. Therefore, we
observe that the maximum value of Btor/Bp obtain at simula-
tion time t = 4000, increases with the increase of m (Fig. 7).
Also, we observe that with the increase in inclination param-
eter m the area with active BP disc-wind decreases, however
the area with active Btor dominated disc-wind increases. Fur-
ther, the turbulent nature of the poloidal field lines increases
with the increase of m (see Fig. 5).
In summary, the initial plasma-� parameter and the incli-

nation parameter of the initial field structure (m) both play
crucial roles in deciding the nature of the disc-wind.

3.4 Disc-wind-jet connections

In this section, we study the relationships between the disc,
disc-wind, and jet. To do so, we estimate the mass flux of the
accretion flow’s di↵erent components. In general, the mass
flux rate is written as follows,

Ṁ = 2⇡

Z p
�g⇢u

r
d✓. (15)

To calculate the BZ-rate (Ṁjet), we integrate Eq. (15) over
the arc at a radius r = 50 with � > 1 or ⌘ > 2, and �hut > 1,

where ⌘ (= �(T r
t � ⇢u

r)/(⇢ur)) is the e�ciency factor of the
Poynting flux. We also calculate disc-wind rate (Ṁwind) at
the same radius (r = 50) by integrating the integrate Eq.
(15) over the arc where � < 1 or ⌘ < 2, and �hut > 1.
Finally, to understand the total inflow of the matter to the
black hole, we integrate the Eq. (15) on the event horizon
(rH = 1 +

p
1� a2) and obtain the accretion rate (Ṁacc).

In Fig. (8), we plot (a) Ṁacc, (b) Ṁjet, and (c) Ṁwind with
respect to the simulation time, where black solid, red dashed,
and blue dotted line corresponds to �1 = 60 (model C),
�1 = 600 (model B), and �1 = 6000 (model A), respectively.
Due to the absence of the Btor component of the magnetic
field at t = 0, there is no inflow through the event hori-
zon. With the increase of simulation time, Btor component
of the magnetic field generated, and the Ṁacc also increases
with it. After a certain time, the inflow rate Ṁacc reaches a
steady-state. The steady-state accretion rate obtains from the
models with a lower plasma-� parameter is higher than that
of the model with a higher plasma-� parameter. Thus con-
firms that the accretion process is magnetically driven, and
the rate of accretion is strongly correlated with the strength
of the initial magnetic fields.

After a certain time, the accretion rate starts to oscillate
for the simulation model with �1 = 60 (model C). In the
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respect to the simulation time, where black solid, red dashed,
and blue dotted line corresponds to �1 = 60 (model C),
�1 = 600 (model B), and �1 = 6000 (model A), respectively.
Due to the absence of the Btor component of the magnetic
field at t = 0, there is no inflow through the event hori-
zon. With the increase of simulation time, Btor component
of the magnetic field generated, and the Ṁacc also increases
with it. After a certain time, the inflow rate Ṁacc reaches a
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Figure 6. Plot of the evolution of the logarithmic � � 1 profile in the polidal plane, (a) model C at t = 500, (b) model C at t = 1000,
(c) model C at t = 2000, (d) model C at t = 4000, (e) model A at t = 4000, (f) model B at t = 4000, (g) model D at t = 4000, and (h)
model F at t = 4000. The solid red line corresponds to �hut = 1 contour.

oscillating phase, the value of the accretion rate drops down in
three orders of magnitude. Comparing the plots for �1 = 600
(model B) with model C, we find the oscillation starts in
model B much later than that of model C. However, we do not
observe any oscillating feature in the accretion rate for model
A. These oscillations in the accretion rate are an artifact of
the oscillation of the accretion disc’s inner part. We discuss
the inner disc oscillation in detail in the next section.

By comparing the Ṁwind plots from Fig. 8b, we find that
the models with a higher accretion rate show a higher disc-
wind rate. The steady value of the disc-wind rate decreases
with the initial plasma-� parameter. When the accretion
drops down to the minimum in the oscillating phase, the ac-
cretion flow vanishes from the launching site of disc-wind.
That results in the oscillation of disc-wind rates. It is evident
from the figure that the disc-winds oscillating features are
quite similar to the oscillating features of the accretion rate.

Fig. 8c show the plots for the BZ-jet rate for models A, B,
and C. We find that the models with higher accretion rate and
higher disc-wind rate show a higher BZ-jet rate. The steady
value of the BZ-jet rate decreases with the initial plasma-
� parameter. In the oscillating phase, as the accretion disc
moves far from the event horizon, the toroidal component of
the magnetic field drops. The magnetization of the flow in

the funnel region also reduces, which leads to the drops in
the BZ-jet rate. Because of that, the BZ-jet rate also follows
similar oscillating features as the accretion rates in Fig. 8a.

In a similar spirit, in Fig. (9), we compare Ṁacc, Ṁjet, and
Ṁwind for models C, D, E, and F, they correspond to the
inclination parameter m = 0.1, 0.4, 0.6 and 0.8, respectively.
By studing panlels (a), (b), and (c) of the figure, we find that
the steady state value of the accretion aret Ṁacc, BZ-jet rate
Ṁjet, and disc-wind rate Ṁwind decreases with the inclination
parameter m.

As we discussed earlier, all the mas flux rates oscillate after
a certain time for inclination parameterm = 0.1 andm = 0.4.
The oscillation stars for the run with m = 0.4 in much later
simulation time than that of the run with m = 0.1.

In both figures (Fig. 8, and Fig. 9), we observe that the
model with higher accretion rates corresponds to a higher rate
of disc-wind and higher BZ-jet. The accretion rate is corre-
lated with torque generated due to the Br and B

� component
of the magnetic field. The B

� component is generated due to
the angular rotation of the flow. Thus, the process going on
the o↵ equatorial plane is directly related to the process going
on the thin disc around the equatorial plane.

To understand the relation between the disc-jet-wind in de-
tail, in Fig. 10, we show the plots of Ṁacc, Ṁjet, and Ṁwind
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the o↵ equatorial plane is directly related to the process going
on the thin disc around the equatorial plane.

To understand the relation between the disc-jet-wind in de-
tail, in Fig. 10, we show the plots of Ṁacc, Ṁjet, and Ṁwind
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Toy model:

1. We Observe BZ jet, turbulent 
Btor disc-wind, and BP disc-wind 
in our simulation.  

2. Lower value of m and plasma 
beta are prone to BP driven 
wind.

3. Plasmoids are formed in the Btor
disc-wind.

4. The oscillations in the inner part 
of the accretion disc can be 
relate to flaring activities in the 
jet. 

EHT Collaboration 

Summary:
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