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Abstract:

Tilted magnetically arrested disks (MADs) around black holes—where strong magnetic fields requlate accretion and jets—exhibit
striking alignment behavior dictated by black hole spin direction. Using 3D general-relativistic magnetohydrodynamic (GRMHD)
simulations of tilted MADs, we find that prograde disks align via a two-stage process: an initial rapid alignment phase, ending at
the flux saturation timescale, followed by a slower, spin-independent phase. In contrast, retrograde MADs remain persistently
misaligned, with their inner disks precessing four times faster than weakly magnetized systems—a potential explanation for
high-frequency quasi-periodic oscillations (QPOs). By analyzing magnetic and hydrodynamic torques within ideal GRMHD, we
show that alignment in prograde disks is dominated by electromagnetic stresses from the magnetosphere. However, the same
magnetic forces— which always act to align the disk with the black hole spin—are significantly weaker in retrograde disks,
allowing opposing hydrodynamic torques to dominate. These results suggest that jets alone may not be sufficient to align MAD
disks, instead highlighting the magnetosphere’s crucial role in mediating spin-disk coupling.
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What is a tilted accretion disk?

Aligned accretion disk Tilted accretion disk
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QPOs, jet
precession, etc.

Aligned Tilted - 24°

Inner disk Blacﬁ hole
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Casella+04,Fragile+07,+08,Ingram+09,19,Nixon+12,Generozov+13,Liska+19,White+19,+20,C
hatterjee+20,Kaaz+23,Musoke+24, and many, many other researchers, which I couldn’t name ’
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Hot, tilted accretion: Fields dictating disk evolution

Weakly magnetized
flows
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Hot, tilted accretion: Fields dictating disk evolution

Magnetically Arrested
Disks (MAD)

Weakly magnetized
flows
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GRMHD simulations: Tilted MAD parametric Study

We solve: Parameters:
o Continuity eq.: Vu(pu#) =0 Black hole spin: -0.1 <a <0.9375
o Energy-momentum conservation: V,(T") =0 Tilt: 16° and/or 30° wrt +Z axis
o Source free Maxwell eqs: v, (*F#) =0

log (p
400 - l() Prograde setup: Retrograde setup:
1
— 200 =2 JBH Ldisk
= 5
z 0 P
NDQ --3
-200 '-h
5
8

_40300 200 0 200 400
X (1] Note: gravitational radius ro= GM/c* ~ 1.5 (M/M o) Kms

Pirsa: 25030132 Page 7/17




Tilted prograde MADs align, retrograde don’t!
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Jets emit along rotation axis of the disk
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Torques: EM aligns but hydrodynamic balances retrograde

Time evolution of tilt rate from spin axis: — (Tilt decrease), + (Tilt increase)
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EM torque analysis: Radial-polar mag. tens. dominates

Time evolution of the EM torque’s x-comp., plotted to identify alignment-driving processes
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Heuristic model to understand nature of the EM torque

Assumed a rotating, split-monopole -
magnetic field initially aligned
to +Z (or spin) axis

Rotated field by angle o about +Y: -
such that field is tilted by o
wrt spin axis
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Heuristic model to understand nature of the EM torque
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Prograde disk align in two stages: Rapid and slow stages

a=0.5,tilt=16°;

a=0.5, tilt=30°
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Possible explanation for progrades two-stage alignment

Plotting normalized x-comp of EM torque vs disk tilt:
to 1dentify if torque weakens as tilt decreases

Prograde; a = 0.5, tilt =30°
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Tilted MADs can precess (Solid body precession)
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Summary

Performed ideal 3D GRMHD simulations with spins: -0.1 to ~0.94 and tilts of 16° and/or 30°
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