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Figure 6. Late-time vertical slice through density in our GRMHD simulation of a thin disc (compare to Fig. 1 at earlier times). The disc reaches a steady state
where poloidal magnetic flux (black lines) gets trapped in the inner disc. The density maximum in the disc at |x| ⇠ 25rg marks the transition from the inner
low-density, high-magnetization disc to the high-density, low-magnetization outer disc (see also Fig. 7a). In Sec 4.2 we argue that the high e↵ective viscosity
↵e↵ ⇠ 1 in the inner disc may cause radiative cooling to become ine�cient and the flow to transition into an ADAF.

where dV =
p�gdrd✓̃d�̃ is the volume element. This gives a ra-

diative e�ciency consistent with the Novikov & Thorne (1973)
value of ⇠ 18% (Fig. 4(b)), which is encouraging for the contin-
uum fitting method used to determine BH spin (see e.g. McClintock
et al. 2014). However, as also seen in Fig. 4(b), the total e�ciency
⌘tot = ⌘jet + ⌘wind + ⌘rad of our disc reaches 60�80%.

3.4 Jet geometry

A major surprise of this work is the finding of powerful jets, even
in our thin disc accretion system. How do the jets from thin discs
compare to the more familiar jets from thick discs? To carry out
the comparison, we estimate the cross-sectional area A of the jet,
defined by pb > 1.5⇢c2, at each radius r:

A =
"

H(pb � 1.5⇢c2)dA✓̃�̃, (10)

Assuming the jet cross-section is circular, we obtain its e↵ective
half-opening angle as

�✓ =

r
A
⇡r2 . (11)

Fig. 2(c) compares the radial dependence of our jet opening an-
gle to that of a jet from a thick H/R ⇠ 0.3 disc, as found in non-
radiative GRMHD simulations described in Liska et al. (2018). The
jet opening angle in the present work is much wider, presumably
due to lack of the support in collimation pressure from the much
thinner and cooler ambient medium consisting out of the disc and
corona. This wider opening angle associated with thin discs may
lead to di↵erences in the radiative flux (Fragile et al. 2012), pos-
sibly explaining the absence of any observations of soft state jets

in XRBs. Figure 3(c) shows that �✓ decreases over time, possibly
due to a decrease in jet power, as implied by the decreasing mass
accretion rate and approximately constant jet e�ciency, as seen in
Fig. 4(a),(b). If the power of the jet is lower, its pressure is also
lower, so the ambient medium would compress the jet into a smaller
opening angle.

3.5 Radial structure

Figure 6 shows a vertical slice through a late-time state of the sys-
tem. The accretion disc exhibits a sharp transition in density around
|x| ⇠ 25rg: at smaller radii, the accretion disc is lower-density and
contains a larger magnetic flux (larger number of magnetic field
lines) than at larger radii. We can see the same more quantitatively
in Fig. 7, which shows disc radial profiles at late time. The disc
reaches a quasi-steady state with a low-density, low plasma-� inner
disc truncated at r ⇠ 25rg coupled to a high density, high plasma-
� outer disc at larger radii. Here � is calculated by taking the ra-
tio of the density weighted average gas pressure pg and the den-
sity weighted average magnetic pressure pb. Note the presence of
a density bump before the ISCO due to mass accumulation, as is
characteristic for thin discs (Penna et al. 2010). To understand how
this density and magnetic structure a↵ects the disc dynamics, we
compute the Maxwell viscosity, ↵M , Reynolds viscosity, ↵R, and
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magnetic flux tubes ejected from the horizon by eruption as orbiting hotspots (Sgr A*)2026 O. Porth et al.

Figure 2. Rendering of the different magnetic field components in a MAD simulation. Horizon penetrating field lines (grey), toroidally dominated disc fields
(yellow), and the expelled flux tube (red). In the left-hand panel, we show the isocontour σ = 0.2 coloured by density. In the right-hand panel, the mid-plane
mangetization σ is indicated, highlighting also the magnetized flux tube.

The mass-weighted averages of the Q-factors within r < 50 M are
noted for each run in Table 1.

Effectively, the suppression factor means that MRI does not grow
in magnetically dominated regions. This can be seen using the thin
disc relation cs = "H and noting that v

(θ )
A = b(θ )/

√
ρh + b2 is the

vertical Alfvén velocity. Hence

SMRI ≈ cs/vA ≈
√

Pgas/B2
z , (9)

simply compares the sound and Alfvén velocities or magnetic and
thermal pressure contributions.

To identify flux tubes for further analysis, we therefore look for
regions with dominant vertical field component and trace the contours
where B2

z /Pgas = 1 in the equatorial plane. In addition, to reduce the
level of noise in the detection, we restrict our analysis to flux tubes
with a cross-section of at least 1/(4πr2

h ) in area, where rh is the
radius of the black hole event horizon. We have verified, using these
criteria, that for the SANE case this comparison does not show any
flux tubes.

Fig. 3 illustrates the properties of these regions for three con-
secutive times for simulation MAD-128. The flux tubes selected in
this fashion have dominant out-of-plane magnetic fields that were
checked by tracing their field lines as in Fig. 2 for several selected
cases. Fig. 3 shows that flux tubes coincide with suppressed MRI
(top panels), and have low plasma β and higher than average σ ,
as expected (bottom two rows). It is interesting to note that in
both runs MAD-128 and MAD-192, we find that the angle- and
time-averaged 〈SMRI〉ρ (r) suggests MRI suppression within ∼10 M.
However, within this radius, dense streams of accreting material are
frequently found where the MRI can in principle operate.

2.4 Dynamics of flux tubes

Over time, a flux tube will become more elongated as it shears out in
the differentially rotating accretion flow. Flux and mass conservation
for constant scale height yields a simple estimate for the pressure
contributions in the flux tube:

B2
z ∝ &r−4, (10)

Pgas ∝ &r−2γ̂ , (11)

where &r is a measure of the size of the flux tube (here defined
as the radius of the circle having the same surface as the cross-
sectional area of the flux tube). Hence for any causal γ̂ < 2, the
magnetic pressure decreases faster than the thermal pressure as the
flux tube increases in size. As the flux tube moves outwards, the
ambient pressure decreases and pressure equilibrium is obtained via
expansion of the tube, hence the flux tube expands and loses its
magnetic dominance. Shear- and Rayleigh–Taylor-induced mixing
can also increase the size of the flux tube over time. Once distributed
over a large area, the flux tube cannot remain magnetically dominated
and is dissipated in the accretion flow.

To analyse the motion of the flux tubes, we compute the centroid
of the magnetic flux in the selected magnetically dominated regions
in the equatorial plane, illustrated by ‘+’ signs in Fig. 3. The centroid
motions of robust features that can be tracked for at least one-
quarter of a circle are illustrated in Fig. 4. A flux bundle spirals
outwards to eventually circularize at what we call its ‘circularization
radius’. For different flux tubes we recover different circularization
radii ranging up to ∼40 M . Over the considered time interval
tKS ∈ [12 000, 15 000] M , the high-resolution MAD-192 case shows
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SUMMARY
• Relativistic jets are powerful outflows driven by strong magnetic fields in the vicinity 

of rotating black holes.


• Relativistic jets are observed in many active galaxies, appearing as radio galaxies or 
blazars (depending on jet orientation).


• The best studied jet of M87 has been resolved by radio/mm interferometry to the 
black hole ring image M87* (EHT).


• Global numerical simulations of relativistic jets can be performed by general 
relativistic magnetohydrodynamics public codes.


• Numerical resources: high performance computers (CPU, GPU) across Poland and 
Europe; international collaboration.


• Extensive analysis of 3D datasets, e.g., by integrating large samples of magnetic 
field lines.
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