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ARTICLE INFO ABSTRACT

Keywords: In the course of its evolution, a black hole (BH) accretes gas from a wide range of directions. Given a random
Accretion, accretion discs accretion event, the typical angular momentum of an accretion disc would be tilted by ~60° relative to
Black hole physics the BH spin. Misalignment causes the disc to precess at a rate that increases with BH spin and depends on
MHD

disc morphology. We present general-relativistic magnetohydrodynamic (GRMHD) simulations spanning a full
precession period of highly tilted (60°), moderately thin (h/r = 0.1) accretion discs around a rapidly spinning
(a ~ 0.9) BH. While the disc and jets precess in phase, we find that the disc wind/corona, sandwiched between
the two, lags behind by > 10°. For spectral models of BH accretion, the implication is that hard non-thermal
(corona) emission lags behind the softer (disc) emission, thus potentially explaining some properties of the
hard energy lags seen in Type-C low frequency quasi-periodic oscillations in X-ray binaries. While strong jets
are unaffected by this disc-corona lag, weak jets can stall when encountering the lagging corona at distances
r ~ 100 BH radii. This interaction may quench large-scale jet formation.

Galaxies: jets
Methods: numerical

1. Introduction warp tilted accretion discs. When the disc is geometrically thick, i.e. the
dimensionless scale height is larger than the viscosity parameter, h/r >

Evidence is growing that many accreting black holes (BHs) have a, as would be expected in all low luminosity AGN and hard state
accretion discs that are misaligned relative to the BH equator. Because XRBs (Narayan and Yi, 1994), viscous diffusion of the warp plays a
supermassive BH spin magnitude and direction are set by the history of minimal role (Papaloizou and Pringle, 1983) and the warp is commu-
randomly oriented gas accretion events and galaxy mergers, misaligned nicated radially through bending waves travelling at approximately half
accretion can naturally arise (Volonteri et al., 2005; King et al., 2005). the speed of sound (Papaloizou and Lin, 1995). When the tilt (measured

Indeed, misalignment between inner and outer disc is found in AGN
masers (see e.g. Herrnstein et al., 2005; Caproni et al., 2006, 2007;
Greene et al., 2013). For X-ray binaries (XRBs) the dynamical evolution
of the system, which may include asymmetric supernova kicks and
3-body interactions in stellar clusters, can also lead to substantial
misalignment. Indeed, the jets in XRB GRO J1655-40 are offset by 15°
from the binary plane (Hjellming and Rupen, 1995; Greene et al., 2001;
Maccarone, 2002).

In view of these observations, it is important to understand how
accretion discs respond to the misalignment relative to the BH spin. An
important effect here is general relativistic (GR) frame dragging, which
is associated with the BH spin and known to induce nodal Lense and angular momentum transport and warp propagation. Solid-body pre-
Thirring (1918, LT hereafter) precession of orbits inclined to the BH cession of tilted accretion discs has been suggested (Stella and Vietri,
equatorial plane. As the precession frequency decreases with distance 1998; Fragile et al., 2007) as the origin of low frequency quasi-periodic
from the BH roughly as ©,; « a/r?, frame dragging is predicted to oscillations (QPOs) observed in XRB lightcurves (e.g., van der Klis,

in radians) is small compared to h/r, a bending wave dominated disc
accretes misaligned and forms smooth radial oscillations in tilt closer to
the BH (Ivanov and Illarionov, 1997; Lubow et al., 2002; Fragile et al.,
2007; Liska et al., 2018). Since a larger non-linear tilt, exceeding the
disc scale height, is expected in many systems (King et al., 2005), it is
crucial to understand how a disc responds to such a large tilt.

General relativistic magnetohydrodynamic (GRMHD) simulations
are an excellent tool to gain insight into such problems because they
self-consistently model the anisotropic (turbulent) stresses (Balbus and
Hawley, 1991; Balbus and Hawley, 1998) responsible for (mis)aligned
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1989). However, it is inconsistent with the observed energy dependence
of QPO frequency (e.g. van den Eijnden et al., 2016, 2017), suggest-
ing that a more complex geometry, involving differential precession
between various disc and/or jet components, may be present.

Here we present the first GRMHD simulations of highly tilted ac-
cretion discs in the bending wave, h/r > «, regime, that show signs
of a phase lag between different components of the accretion flow.
We describe our numerical setup in Section 2, present our results in
Section 3, and conclude in Section 4.

2. Numerical models

We use a massively parallel 3D GRMHD code H-AMR (Liska et al.,
2018, 2019a) accelerated by Graphical Processing Units (GPUs). We
use a spherical-polar grid of resolution 1372 x 480 x 738, which is
uniform in logr and ¢ and approximately uniform in 6 (the grid is
slightly stretched out in # within ~ 5° of the pole as described in Ressler
et al., 2015). This sufficiently resolves the fastest growing wavelength
of the magnetorotational instability (MRI; Balbus and Hawley, 1991).
Here the quality factors Q' = A! /N’ (as defined in Liska et al., 2019b),
which give the number of cells (N') per MRI-wavelength (4! ) in the
i—th dimension, exceed (Q" xQ? x Q%) > (10x10x40) at t = 4x 104rg/c.
This guarantees a reasonable degree of convergence (e.g., Hawley et al.,
2013). To prevent the cells from becoming elongated near the poles, we
reduce the ¢-resolution sequentially by factors of two within 30°, 15°,
and 7.5° away from the pole. We use outflow boundary conditions in
the r-direction, with the inner radial boundary inside the BH event
horizon and the outer boundary at 10°r,, where r, = GM/c? is the
gravitational radius, such that both of the boundaries are causally dis-
connected from the flow. We apply transmissive boundary conditions
in the #-direction ensuring free passage of the plasma through the polar
singularity (Liska et al., 2018).

We initialize the simulations with an equilibrium torus (Fishbone
and Moncrief, 1976) around a BH with spin @ = 0.9375 in a Kerr—Schild
foliation. We place the torus inner edge at r, = 12.5r,, its density
maximum at ry,, = 25r, (without loss of generality we set p,,, = 1).
We use an ideal gas equation of state, p, = (I' — 1)u,, where p, and
u, are gas thermal pressure and energy densities, and non-relativistic
I =5/3. We tilt the initial torus relative to the BH spin axis (and grid)
by an angle 7;;, = 60° (see Liska et al., 2018 for details). We cool the
disc to its target thickness, 2/r = 0.1, on the Keplerian timescale using
a source term (Noble et al., 2009; Liska et al., 2019b). We consider
two models, W-T60 and S-T60 respectively, whose discs are both tilted
by 60°. W-T60 features a small poloidal field loop concentrated near
the BH with vector potential A, « (p — 0.05), and S-T60 has a much
larger loop, Ay o (p— 0.05)%3. We initially normalize the field strength
by setting max py/maxp, =5 for W-T60 and max py/ maxp, = 100
for S-T60 which keeps both models fully gas pressure dominated in
the initial conditions. max p, and maxp, are the maximum gas and
magnetic pressure in the disc. The size of the loop turns out to be
more important than the normalization in setting the total amount of
embedded poloidal magnetic flux' and with that the strength of the jet
(see Section 3).

3. Results

Differential rotation shears up magnetic field lines, activating the
MRI and leading to turbulence and accretion onto the BH. We study
the system at late time, ¢ > 104rg /¢, after the disc has cooled down

~

to its target thickness. Fig. 1(a, b) shows that the mass accretion

1 This is partly because the size enters the magnetic flux in the second
power, as opposed to the magnetic field strength, which enters in the first
power. This is also partly because for a larger loop the maximum of the
magnetic pressure, which enters the normalization, occurs at a larger radius.
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rate, M, quasi-steadily declines in both models. Fig. 1(c, d) shows
the positive (there is no negative) poloidal magnetic flux on the BH,
@Dy = 05 ‘/’=’H |B"|dAg, and in the disc, @y, = max, @,(r) with
@ ,(r) = max, /09 B'd Ay, Here max, and max, give the maximum value
of the respective quantities for all r and 6. Compared to W-T60, model
S-T60 contains an order of magnitude more flux, most of which threads
the event horizon and may launch outflows.

Fig. 1(e, f) breaks down the energy outflow efficiency #,,, or the
energy outflow rate divided by the BH rest-mass energy accretion
rate, Mc?, into radiative, #,,4, mechanical outflow, 7,,,,, and jet, ets
constituents that we define below (see equations 6, 7 and 9 in Liska
et al. (2019b) for detailed definitions). The radiative efficiency, #,,4,
approximated by integrating the total radiative cooling rate from the
inner photon orbit at r = 1.43r, to 100r,, hovers around the canoni-
cal (Novikov and Thorne, 1973) value of 18%. The jet efficiency, #;,,,
corresponding to the mechanical energy carried by the jets, reaches
peak values of around 0.01% in W-T60 and 10% in S-T60. The wind
efficiency, #,,,4, or the mechanical outflow efficiency outside of the jet,
reaches around 20% for both models at r = 5r,. The sum is #,,, ~ 40%.
However, in both models #,,,, drops to zero at r ~ 400r,, suggesting
that the wind launched at smaller radii is gravitationally bound and
eventually circularizes within r < 400r,.

Fig. 2 shows a colour map of the density p in a vertical slice
for models W-T60 and S-T60. We define the disc-corona boundary at
p = 0.025 X p,,. and the corona-jet boundary at p,/pc> = 5. The
corona-disc boundary was chosen to approximately match the g =
py/py ~ 1 surface. This has the advantage over a more direct § = 1
definition for the corona since it does not leave out coronal current
sheets where f > 1. Similar to recent GRMHD simulations (Liska et al.,
2022b) the gas in the inner corona has a strong outflowing velocity
component (see also Beloborodov, 1999; Ferreira et al., 2006). Note
though that, as stated in the previous paragraph, this outflowing gas
is gravitationally bound and eventually circularizes within r < 400r,.
While the disc shapes appear to be similar in both models, the corona
(yellow-green—cyan regions) in model W-T60 gets in the way of the
jets and deflects them sideways, as seen in Fig. 2(a) (see also SI or our
YouTube playlist). On the other hand, the stronger jet in model S-T60
propagates unhindered through the corona, pushing it aside. Below, we
show that this elongation arises through a phase lag between the disc
and corona. Fig. 3 shows the Lorentz factor, y, and energy fluxes, Fg,
along the jets: while the jet in model S-T60 accelerates to y ~ 7 and
conserves its energy flux, the jet in model W-T60 loses energy and fails
to accelerate to relativistic speeds at early times when the phase lag is
large.

Fig. 4(a, b), shows the time evolution of net tilt 7 and precession
P angles (see Liska et al., 2018, 2019b for definitions) for the disc,
corona and jets, allowing us to quantitatively study the phase lags. We
caution that the precession frequency depends sensitively on the size
of the disc, which is ultimately set by the simulation setup. However,
since disc precession period can be estimated by integrating the total
LT torque (e.g. Fragile et al., 2007; Liska et al., 2018), a thick disc
of such a size is expected in some models for the hard state (Esin
et al., 1997). In both of our models, P increases quasi-monotonically at
approximately the same rate, reaching 200°—400°. This differs from our
previous work (Liska et al., 2018), where the disc stopped precessing
at P ~ 40° due to very fast viscous expansion of the thicker, 2/r = 0.3,
disc (see also Section 1). The phase lag between the disc and corona,
AP, in Fig. 4(e, f) initially peaks at AP ~ 50° before stabilizing at
AP ~ 10°. There is a strong correlation between the phase lag and jet
power (Fig. 1(e, f)), suggesting that the corona does not only disrupt
the jet (if it is weak) when the phase lag is large, but that the initially
disc-aligned jet can also torque the corona into (partial) alignment with
itself. In both models the disc-corona-jet system slowly evolves as a
whole toward alignment with the BH on the viscous timescale, from
the initial 7 = 60° to 7 ~ 30° at t = lOSrg /c. This global alignment
mode differs (see Liska et al., 2019b), from the Bardeen&Petterson
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Fig. 1. The mass accretion rate (M) in (a, b) and magnetic fluxes in the disc (@,,,) and on the BH (@;,) in (c, d) as function of time. While in (e, f) the radiative (1,,,) and
wind (#,,,,) efficiency are similar for both models, the jet efficiency (1,,,) is multiple orders of magnitude higher in S-T60. This can be explained by the presence of large scale
magnetic flux in S-T60.
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Fig. 2. A colour map of the fluid-frame rest mass density log(p) for models S-T60 (left panel) and W-T60 (right panel) at 7 = 4.5 x 10* r,/c. The black hole spin axis is oriented
along the vertical z-direction. Magenta lines show the corona-jet boundary, and black lines the disc-corona boundary. The strong jet in model S-T60 (left panel) readily accelerates
to relativistic speeds (Fig. 3). However, since the corona in model W-T60 precesses slower than the disc, it becomes misaligned relative to the disc and obstructs jet propagation.
This causes the jet to stall beyond ~ IOng (Fig. 3).
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alignment (Bardeen and Petterson, 1975), which only affects the inner
disc and occurs on time-scales much shorter than the viscous timescale
of the outer disc. Both alignment modes might be caused due to the
turbulent mixing (and cancellation) of misaligned angular momentum
in a warp (Sorathia et al., 2013), especially when the precession angle
shows a steep dependence on radius (Fig. 5(c, d)). Since we have a
finitely sized disc and this global alignment happens on the viscous
time we expect that this global alignment mode will disappear if the
disc is fed by misaligned angular momentum from an outer disc.

Fig. 5(a—d) shows the radial runs of tilt and precession angles of
the disc, corona, and jet. Disc tilt increases away from the BH, peaks
at ~ 10r, and drops thereafter. While this qualitatively agrees with
the analytic theory for the bending wave regime large-tilt non-linear
effects might introduce corrections (White et al., 2019). Furthermore,
the disc, corona and jet are (roughly) aligned with each other up to
the disc’s outer edge located at ~ 100r,, which is consistent with
previous work (Liska et al., 2018). At r ~ 100r,, corona’s precession
angle sharply drops, which is qualitatively consistent with the phase
lag discussed above. At r 2 200r,, corona’s tilt and precession angles
show large amplitude oscillations, likely because the corona does not
rotate in a single plane anymore and is partially outflowing, leading
to these angles being ill-defined. However, since most of the corona’s
angular momentum lies at r < 200r,, this region does not significantly
contribute to the net tilt and precession angles shown in Fig. 4(a-d).

Fig. 5(e, f) shows that both models remain gas pressure dominated,
B = (pg)y/(Pwm), > 1 down to the event horizon, where (q), =
[ pqdA/ [ pdA is density-weighted average and dA is the surface el-
ement. The Maxwell (a,, = b"b%/ (pg +py), b* is the magnetic 4-vector)
and Reynolds (ag = pu'u® /(pg + pp), ut is the 4-velocity) stresses in
Fig. 5(g, h), calculated in a coordinate system aligned with the local
angular momentum, are similar. However, their sum does not match
the effective viscosity (a.f = —v,0;/c?, where v, is the Keplerian 3-
velocity and ¢, is the sound speed). Pending future analysis this may be
indicative of pressure gradients, large scale torques driving outflows,
which remove the disc’s angular momentum (similar to Liska et al.,
2019b), warps and/or spiral shocks that form in tilted discs (e.g. Nelson
and Papaloizou, 2000; Fragile and Blaes, 2008; Liska et al., 2022a; Kaaz
et al., 2022).

4. Discussion and conclusion

In this work we present GRMHD simulations of highly tilted (60
degrees), moderately thin (h/r ~ 0.1) accretion discs around rapidly
spinning BHs (a = 0.9375). We show that such discs produce precessing
relativistic jets. The disc-jet system completes the full precession cycle
under the action of Lense-Thirring torques. This does not happen in
thicker discs (h/r ~ 0.3) where viscous spreading causes the precession
to stall before the disc is able complete a full precession period (Liska
et al., 2018). The precession-induced quasi-periodic variability in XRB
lightcurves could potentially be exploited to measure BH spin (Stella
and Vietri, 1998; Ingram et al., 2009; Musoke et al., 2022). However,
this cannot be done for the discs presented in this article since their
precession period is influenced by the size of the disc in the initial
conditions. One way a precessing disc can form more self-consistently
is by tearing up a large misaligned accretion disc: the disc tears up
at a radius where the Lense-Thirring torques, which try to tear the
disc apart, overwhelm the viscous torques, which hold the disc to-
gether (Nixon et al., 2012; Nealon et al., 2015; Liska et al., 2021).
Following disc tearing the size of the disc and hence the precession
period (for a given BH spin) are determined self-consistently (among
others) by the thickness of the disc, the misalignment angle, and the
amount of magnetic flux in the disc. However, disc tearing was only
observed in GRMHD simulations with scaleheight n/r < 0.03 (Liska
et al.,, 2021), which is significantly smaller than the 2/r = 0.1 discs
presented in this article.

New Astronomy 101 (2023) 102012

Fig. 3. Radial profiles of the Lorentz factor, y, in panel (a), and energy flux, Fj,
through the jet in panel (b). We plot those when the phase lag is maximum, at
t =20 x10%,/c for S-T60 (solid blue line) and at r = 4.2 x 10*r,/c (solid green)
for W-T60. In addition, we show the radial profiles for W-T60 at 1 = 10 x 10*r,/c
(dashed green) when the phase lag is small. The low Lorentz factor (y ~ 1) and drop
of energy flux at r 2 50r, in model W-T60 at early times indicate that a weak jet stalls
and disrupts as it runs into the lagging corona. In contrast, acceleration to a relativistic
Lorentz factor (y ~ 7) and near-constancy of the energy flux in model S-T60 indicate
that a stronger jet survives this interaction. The constancy of the energy flux in model
W-T60 at late times shows that for small tilt and phase lag values (see Fig. 4), even a
weak jet can penetrate the precessing corona.

We found that the magnetic pressure dominated disc wind, which
we refer to as the corona, lags the disc in phase by 10—40° (Fig. 4c).
Recent two-temperature radiative GRMHD simulations (Liska et al.,
2022b) suggest that such disc winds launched from thin accretion discs
can reach electron temperatures of T, 2 5 x 10°K. This can help to
interpret the phase lags of Type-C QPOs observed in XRBs (Wijnands
et al., 1999; Reig et al., 2000; Qu et al., 2010; Pahari et al., 2013; van
den Eijnden et al., 2016, 2017). More specifically, van den Eijnden et al.
(2016) recently used a time-resolved cross-spectral analysis of GRS
1915+105 and found that the phase lags systematically change on short
timescale in a way indicating that for observations with vppo > 2 Hz
for 5-10 cycles the QPO in the hard band is slightly faster than that
in the soft band, resulting in a gradually increasing soft lag, and for
observations with vopy < 2 Hz the QPO in the hard band is slightly
slower than that in the soft band, resulting in a gradually increasing
hard lag. The increase in soft lag for vopo > 2 Hz was suggested to
result from differential precession, since inner regions are expected to
have a harder spectrum and to precess faster than outer regions (Stella
and Vietri, 1998). However, the increase in hard lag for vgpo < 2 Hz
over a QPO period remained a mystery. The evolving coronal lag in
our simulations (i.e. the increase in A7) may provide a natural solution
to this puzzle: the corona, which emits a harder spectrum than the
disc (via inverse Compton scattering), precesses more slowly than the
disc, resulting in a faster QPO in the soft band. Translating the coronal
lag into X-ray lightcurves is beyond the scope of this work. However,
the timescale for the phase lag (< 1 precession period) build up and
its magnitude (10—-40°) match observations (van den FEijnden et al.,
2016) reasonably well. Our simulations also provide some clues why
for vgpo > 2 Hz the phase lag turns soft. As vgpg increases, one would
expect the precessing inner disc to become smaller (Stella and Vietri,
1998; Ingram et al., 2009). If the hardness of the corona with respect
to the disc decreases as the disc becomes smaller the phase lag will
gradually shift from hard to soft. However, this will need to be tested
in future work that properly models the heating/cooling and emission
of both the disc and corona.
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Fig. 4. The tilt angle, 7, in (a, b) and precession angle, P, in (c, d) as functions of time, for the disc, corona, and jet. The disc’s and corona’s tilt and precession angles are obtained

from their total angular momentum (Liska et al.,, 2018). The jet’s tilt and precession angle is obtained from the energy density weighted centroid position (x;, ;.2

) (Liska

jet

et al.,, 2018). Model S-T60 and W-T60 both align with the BH over time, while their precession angle grows semi-monotonically. The phase lag, 4P, between disc and corona in
(e, f) first peaks, but seems to stabilize later at a lower value. This suggests that the disc and corona experience periods of differential precession in both directions with a net

increase their relative precession angle.

While the strong jet in S-T60 propagates unhindered, the weak jet
in W-T60 disrupts and stalls at r < 102rg, obstructed by the lagging
corona (Figs. 2, 3). We expect that a precessing jet is more likely to
become truncated by a given ambient medium than a non-precessing
jet because it will need to clear out a larger volume of surrounding
material. Such truncated jets may transfer significant amounts of en-
ergy and angular momentum to the ambient medium and, by doing
so, contribute to weakly collimated matter-dominated sub-relativistic
outflows. In addition, the jet-ambient medium interaction might lead to
magnetic reconnection and acceleration of (non-)thermal particles, pos-
sibly producing flares across the electromagnetic spectrum. However, if
such jets are truncated at small radii, they might be difficult to detect.
Future work will need to determine the observational signatures of such
truncated jets and address all of the physics (in addition to precession)
responsible for jet truncation.

We have shown that the jets can be deflected by the ambient
medium, which could be produced by the same accretion system that
produced the jet. Whether such a deflection is possible depends on
the jet power. If the jet is powerful enough, the jet will plow through
and will be hardly deflected. On the other hand, if the jet is weak, it
will be torqued into alignment with the surrounding medium and, as
in model W-T60, may stall. For instance, even though relativistic jets
derive their power from the BH spin, they do not have to point along
the BH rotational axis. In particular, changes in jet orientation observed
in AGN do not imply the changes in the BH spin direction.
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Fig. 5. The tilt angle 7 in panels (a, b) and precession P angle in panels (c, d) as function of radius. Strong flux model S-T60 (left panel) is averaged between 3.5x10* < ¢ < 4.0x10*
ry/c and weak flux model W-T60 (right panel) is averaged between 5.5 x 10* <t < 6.0 x 10* ro/c. [panels (a, b)]: The disc does not align with the BH (Bardeen and Petterson,
1975), and instead develops what looks like a radial tilt oscillation in 7 peaking at r ~ 10r, (see the main text). [panels (c, d)]: Disc precession angle P decreases as (positive)
function of radius for r < 10r, reflecting the warping of the inner disc. In panel (d), outside the disc edge at r ~ 100r,, coronal precession angle sharply drops off as (positive)
function of radius, reflecting the precessional lag of the corona behind the disc. [panels (e, f)]: Density, p, and gas-to-magnetic pressure ratio, f, are similar for both models. In
(g, h) the Maxwell, a,,, and Reynolds, ag, stresses are much higher within the inner disc (r < 10 r,) with respect to the outer disc (» > 10 r,), while their sum is insufficient to

account for the effective viscosity a.;; (Section 3).
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