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ABSTRACT

Using high-resolution general relativistic magnetohydrodynamic (GRMHD) simulations, we inves-
tigate accretion flows around spinning black holes and identify three distinct accretion states. Our
results naturally explain some of the complex phenomenology observed across the black hole mass spec-
trum. The magnetically arrested disk (MAD) state, characterized by strong magnetic fields (plasma-
B << 1), exhibits powerful jets (of power ~ 103 erg s=1), highly variable accretion, and significant
sub-Keplerian motion. On the other hand, weakly magnetized disks (plasma-3 >> 1), known as the
standard and normal evolution (SANE) state, show steady accretion with primarily thermal winds.
An intermediate state bridges the gap between MAD and SANE regimes, with moderate magnetic
support (plasma-3 ~ 1) producing mixed outflow morphologies and complex variability. This unified
framework explains the extreme variability of GRS 1915+105, the steady jets of Cyg X-1, and the
unusually high luminosities (even super-Eddington based on stellar mass black hole) of HLX-1 without
requiring super-Eddington mass accretion rates. Our simulations reveal a hierarchy of timescales that
explain the rich variety of variability patterns, with magnetic processes driving transitions between
states. Comparing two with three dimensional simulations demonstrates that while quantitative de-
tails differ, the qualitative features distinguishing different accretion states remain robust. The outflow
power and variability follow a fundamental scaling relation with mass determined by the magnetic field
configuration, demonstrating how similar accretion physics operates from stellar-mass X-ray binaries
(XRBs) to intermediate mass black hole sources. This could be extrapolated further to supermassive
black holes.

Keywords: Stellar accretion disks (1579) — Black hole physics (159) — Relativistic jets (1390) —
Magnetohydrodynamical simulations (1966) — High energy astrophysics (739) — Ultralu-
minous x-ray sources (2164) — Gravitation (661)

1. INTRODUCTION

The study of accretion flows around black holes has been revolutionized by the ability to perform increasingly
sophisticated general relativistic magnetohydrodynamic (GRMHD) simulations in parallel with high-resolution X-ray
observations. Among known black hole systems, GRS 1915+105 stands as a unique laboratory for understanding
accretion physics, exhibiting an unprecedented variety of spectral states and temporal behaviors (Belloni et al. 2000).
Since its discovery, this source has displayed complex variability patterns that challenge our theoretical understanding,
with transitions between different spectral states and temporal classes occurring on timescales ranging from seconds
to months (Castro-Tirado et al. 1994).

Recent observations have refined our understanding of GRS 1915+105’s fundamental parameters. High-resolution X-
ray spectroscopy has revealed complex outflow structures, including both highly ionized disk winds reaching velocities
~ 1000 km/s and relativistic jets with Lorentz factors exceeding 2 (Neilsen et al. 2019). These observations suggest a
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delicate interplay between different outflow mechanisms, regulated by the magnetic field configuration of the accretion
flow. The system displays at least 12 distinct temporal classes labeled with Greek letters (a, 8, x, etc.), each showing
unique combinations of spectral and timing properties (Belloni et al. 2000). Recent timing analysis using long-
term monitoring data has revealed previously unknown patterns in these state transitions. The k class, for instance,
exhibits properties intermediate between the jet-dominated y class and the disk-dominated p class, with quasi-periodic
oscillations (QPOs) that suggest a complex interplay between disk (near Keplerian) and corona (sub-Keplerian) (Motta
et al. 2021).

In the theoretical front, the understanding of black hole accretion has evolved significantly since the a-disk model
(Shakura & Sunyaev 1973), which parameterized angular momentum transport through an effective turbulent viscosity.
The discovery of magnetorotational instability (MRI) as the physical mechanism for angular momentum transport
(Balbus & Hawley 1991) marked a crucial advance but left open questions about the role of large-scale magnetic fields
in driving accretion outflows and jets. This is where GRMHD simulations provided vital insights over the past decades
or so (e.g., Gammie et al. 2003; McKinney 2006; Narayan et al. 2012; Porth et al. 2019). We plan to take stock of
GRMHD simulations to understand various observational properties of X-ray binaries (XRBs).

Two distinct regimes of accretion have emerged from GRMHD studies: the standard and normal evolution (SANE)
state where turbulent magnetic fields driven by MRI dominate transport (Narayan et al. 2012; Porth et al. 2019) with
steady accretion, and the magnetically arrested disk (MAD) state where strong poloidal fields significantly influence
the accretion flow (Igumenshchev et al. 2003; Narayan et al. 2003; Tchekhovskoy et al. 2011). The present work also
focusses on a crucial third regime - the intermediate state (INT) - which we propose explains many of the complex
transitions observed in GRS 1915+105 and similar systems. The INT state is a new state which we have identified
from our simulations that is not described very well in existing literature but it is crucial for explaining transitions
in GRS 1915+105 and other systems. The 3 class of GRS 1915+105, for example, shows rapid transitions between
hard and soft spectra (Belloni et al. 2000) that can be understood as oscillations between MAD-like and SANE-like
configurations. Similarly, the v class displays both strong disk emission and periodic ejections (Neilsen & Lee 2011),
consistent with our simulated INT state where magnetic fields are strong enough to launch outflows but not sufficient
to enter the fully arrested state. These outflows thus generated from simulations might resemble ejecta clouds as
proposed by Mirabel & Rodriguez (1998), which ultimately form relativistic jets with radio emissions. Figure 1 shows
a schematic representation of the three distinct accretion states and their transitions. Our framework naturally explains
the complex variability observed in accreting black hole systems.

The accretion efficiency in these different classes is fundamentally related to the Eddington luminosity:
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where G is the gravitational constant, M is the mass of the black hole, c is the speed of light, m,, is the proton mass,
or is the Thomson scattering cross section and M Edq 18 the Eddington mass accretion rate. To achieve luminosities
approaching Lpqq, as seen in classes of GRS 19154105, mass must be converted to energy with very high efficiency.
This requires strong large-scale magnetic fields (Bisnovatyi-Kogan & Ruzmaikin 1974), which can be dragged inward
by advection through flux freezing, leading to substantial magnetic flux accumulation near the black hole (Raha et al.
2023). For rapidly spinning black holes, these magnetic fields can extract rotational energy through the Blandford-
Znajek mechanism (Blandford & Znajek 1977). Operating via the Penrose process (Penrose & Floyd 1971), this
mechanism taps into the black hole’s spin energy through magnetic field lines twisted by frame-dragging effects near
the ergosphere. The ordered magnetic field threading the disk also powers jets through the release of gravitational
energy (Blandford & Payne 1982). When the accretion flow acquires strong magnetic fields at large radii, it can develop
significant magnetic shear, effectively transporting angular momentum outward (Mondal & Mukhopadhyay 2018).

The stability of these configurations varies significantly between different sources. For example, Cygnus X-1 (Cyg
X-1) maintains a remarkably steady jet in its hard state (Zdziarski et al. 2014), contrasting sharply with the variable
outflows/jets seen in GRS 1915+105. During its hard state, Cyg X-1 maintains a jet power ~ 1037 erg/s (Stirling
et al. 2001) and displays less dramatic state transitions than GRS 19154105, consistent with our SANE and INT
state simulations, explored in this work. Its persistent jet in the hard state (Zdziarski et al. 2014) suggests sustained
magnetic flux accumulation, while its rapid transitions between spectral states (Bock et al. 2011) indicate dynamic
evolution of the magnetic field configuration (Grinberg et al. 2013). The stability of its hard-state power, compared to
the more variable jets in GRS 19154105, may reflect differences in magnetic field geometry and accumulation (Stirling
et al. 2001).



GRMHD SIMULATIONS OF TEMPORAL VARIABILITIES 3

The relevance of these accretion states extends dramatically to ultraluminous X-ray sources (ULXs) and hyper-
luminous X-ray sources (HLXs), which display luminosities > 10%!erg/s (Farrell et al. 2009), however not being a
supermassive black hole sources. ULXs are particularly challenging to model because their luminosities often exceed
the Eddington limit for stellar-mass black holes, requiring either extreme beaming, super-Eddington accretion, or they
need to have intermediate-mass black holes on the contrary to the stellar mass assumption (Raha et al. 2024). One
such ULX candidate is HLX-1 whose mass estimates, based on X-ray spectral fitting and dynamical modeling, suggest
a black hole mass of 10*-10° M, consistent with the intermediate-mass black hole range (Farrell et al. 2009; Webb
et al. 2012). Also, HLX-1 achieves luminosities of 10*terg/s in hard state (Servillat et al. 2011), which necessitates
accretion rates about 0.1Mpgqq which however goes against hard state. Our simulations, nevertheless, show that even
at relatively modest accretion rates (M < 0.01MEdd) which corroborates with hard X-ray emission, HLX-1 has a
luminosity of 104°-10%!erg/s, challenging conventional accretion models that require either substantial beaming or
super-Eddington accretion (Davis et al. 2011).

Recent observations of HLX-1 during its hard state have revealed variability patterns that mirror those seen in
stellar-mass systems but on longer timescales (Webb et al. 2014). Its variability on multiple timescales (Farrell et al.
2009) mirrors patterns seen in GRS 19154105, but stretched in time, corroborating with HLX-1 being more massive
than GRS 1915+4105. This scaling of properties with mass provides crucial evidence for the universality of accretion
processes across the black hole mass spectrum. High-resolution X-ray spectroscopy has shown that the jets in HLX-1’s
hard state share many characteristics with those seen in GRS 1915+105’s x class, suggesting similar magnetic field
configurations, albeit the vast difference in mass scales (Cseh et al. 2015).

The super-Eddington nature of ULX luminosity for the underlying stellar mass compact object presents unique chal-
lenges for theoretical models. While radiation pressure may disrupt disk structure around and above the Eddington
limit, magnetic fields can provide additional support for the disk and collimation for jets. Our simulations demon-
strate that MAD and INT states can naturally produce super-Eddington luminosities for a stellar mass black hole
through a combination of efficient energy extraction and magnetically driven outflows, while maintaining stable disk
configurations. This was also demonstrated by our group in 2D simulation based on BHAC (Pathak & Mukhopadhyay
2025).

In this work, we present systematic GRMHD simulations designed to explore how different initial magnetic field
configurations and plasma-f parameters (defined as the ratio of gas pressure to the magnetic pressure) influence accre-
tion dynamics. Using the HARMPI (Tchekhovskoy 2019) and H-AMR (Liska et al. 2022) codes, we focus particularly
on understanding transitions between different accretion states and their observational signatures. Our simulations
reveal how transitions between MAD, INT, and SANE states can explain the observed variety of spectral states and
their transitions. Our simulations span a wide range of initial conditions, allowing us to map the relationship between
magnetic field geometry, accretion state, and observable properties.

A key aspect of our work is the identification and characterization of intermediate accretion state, which bridge
the gap between the well-studied MAD and SANE regimes. This state, characterized by moderate magnetic flux
accumulation, provides a natural explanation for many observed phenomena, including the rich phenomenology and
the complex variability patterns in GRS 1915+105, the stable outflow power from Cyg X-1, and the efficient energy
extraction required for super-Eddington luminosities in ULXs in hard state with sub-Eddington accretion rate.

The paper is organized as follows. Section 2 presents detailed observational properties of our target sources, with
particular emphasis on class transitions and outflow characteristics. Section 3 describes our numerical methods and
initial conditions, including our treatment of general relativistic effects and magnetic field evolution. Section 4 presents
our simulation results, focusing on the temporal evolution of accretion regimes and their observable signatures. Sec-
tion 5 summarizes our conclusions and discusses the implications of our results for understanding accretion physics
across the black hole mass spectrum.

2. OBSERVATIONAL PROPERTIES

We demonstrate the temporal behaviors of the sources GRS 19154105, Cyg X-1 and HLX-1 with our simulations.
Before embarking onto simulation results, we briefly describe some important properties of these sources.

2.1. GRS 1915+105 temporal classes

GRS 19154105 exhibits unprecedented variability divided into twelve distinct temporal classes (Belloni et al. 2000),
each displaying unique combinations of spectral and timing properties. Recent observations have refined its funda-



4 RaHA, CHATTERJEE AND MUKHOPADHYAY

SANE State INT State MAD State
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Figure 1. Schematic representation of the three accretion states and their transitions identified in our GRMHD simulations.
The SANE state is characterized by weak magnetic fields (plasma-3 >> 1) with low variability in accretion rate and weak jets.
The MAD state features strong magnetic fields (plasma-8 << 1) leading to magnetic stress dominated accretion with strong and
powerful jets. The newly identified INT state (plasma-3 ~ 1—10) bridges these extremes with moderate magnetic field strengths
and mixed disk-jet characteristics, facilitating transitions between states (indicated by colored arrows). The bi-directional arrows
represent the reversible nature of these transitions, with different colors indicating distinct transition pathways. This framework
naturally explains the complex variability patterns observed in systems like GRS 19154105, the steady jets in Cyg X-1, and the
high luminosities of ULXs like HLX-1.

mental parameters: mass 12.4+2.0 Mg, spin a > 0.98, and distance 8.6 2.0 kpc (Reid et al. 2014; Miller et al. 2020),
making it an ideal laboratory for studying extreme accretion physics.

It’s x class merits particular attention due to its complex substructure. While initially appearing as a steady hard
state, detailed analysis by Belloni et al. (2000) revealed four distinct subclasses (y1—x4). The x; and y3 classes
can be modeled with a simple power law spectrum: spectral index (SI)~ 3.0, while x2 and x4 show systematically
lower absorption and harder spectra (Belloni et al. 2000). The steady radio emission in x classes (Klein-Wolt et al.
2002) correlates with the strongest magnetic field configurations in our MAD simulations, explaining both the spectral
hardness and jet stability.

The p class exhibits dramatic “heartbeat” oscillations (Neilsen & Lee 2011), characterized by disk inflation followed
by rapid collapse and discrete ejection events. Adegoke et al. (2018) showed that this temporal class maintains
significant sub-Keplerian/coronal contribution (72% power-law, 28% diskbb) despite its oscillatory behavior. Neilsen
et al. (2012) demonstrated that these cycles involve complex interplay in magnetic processes, which our simulations
naturally reproduce through periodic magnetic flux accumulation and eruption.

The « class stands out for exhibiting the hardest spectrum among all classes with SI ~ 2.39 and the lowest lumi-
nosity (0.1341 Lgqq) (Adegoke et al. 2018). Its strongly power-law dominated spectrum (77%) with minimal diskbb
contribution (23%) and fractal nature of lightcurve (Adegoke et al. 2018; Mukhopadhyay 2004) represents the closest
approximation to a pure advection dominated accretion flow (ADAF) state (Narayan & Yi 1994). Our simulations
show that this configuration arises in low-accretion rate regimes where magnetic fields create a hot, optically thin flow
with efficient angular momentum transport.

The 6 class presents a particularly interesting case that has long challenged theoretical models. Despite switching
between hard and soft states with high power-law dominance (88%), which suggests a hard state, it maintains quite
high luminosity (0.3536 Lrqqa) (Adegoke et al. 2018). Belloni et al. (2006) identified it as a peculiar combination of
spectral states A and C with distinctive high-frequency QPOs. Our MAD simulations demonstrate how this unusual
combination can arise when strong magnetic fields compress the inner disk while maintaining powerful outflows,
naturally explaining both the hard spectrum and high luminosity.

The S class displays the most rapid spectral transitions, with nearly equal diskbb and power-law contributions (46%
diskbb, 52% power-law, Adegoke et al. 2018) and steep SI ~ 3.25 (Migliari & Belloni 2003). These transitions occur on
timescales of seconds (Belloni et al. 2000), challenging traditional viscous timescale arguments. Our MAD simulations
demonstrate how rapid magnetic field reconfiguration can drive such fast transitions, providing a natural explanation
for this previously puzzling behavior.

Particularly intriguing are the intermediate classes x and v, which often precede major transitions (Klein-Wolt et al.
2002). The & class shows balanced diskbb (49%) and power-law (51%) contributions with SI ~ 2.99, while the v class
exhibits stronger power-law dominance (72%) with ST ~ 2.93 (Adegoke et al. 2018). Timing analysis by Altamirano
et al. (2021) reveal that these states mark transitions in the underlying magnetic field structure, consistent with our
simulations of INT state between MAD and SANE configurations.

The p and A classes present an interesting case of diskbb dominance (> 54%) combined with strong variability
and steep spectrum (SI > 2.9) (Adegoke et al. 2018). The ~, ¢, and ¢ classes exhibit stochastic variability (Adegoke
et al. 2018; Mukhopadhyay 2004) with high diskbb contributions and steep spectra (SI > 3.4), argued to be radiation-
trapped accretion flows. The « class shows particularly high diskbb contribution (60%) with stochastic behaviour
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in time series (Adegoke et al. 2018), consistent with our simulated SANE configuration particularly in terms of its
temporal variability.

2.2. Multi-wavelength Properties

High-resolution X-ray spectroscopy has revealed sophisticated wind structures with velocities reaching ~ 1000 km/s
(Neilsen et al. 2019). These winds show remarkable anti-correlation with jet activity (Miller et al. 2016), a feature
naturally explained by our simulations through the changing magnetic field geometry. During MAD states, vertical
fields collimate jets, while in SANE states, magnetic turbulence drives wider-angle winds.

Radio observations reveal two distinct types of jets: steady, compact jets in hard states with flat spectra, and discrete
ejection events during state transitions with steep spectra (Fender et al. 2004). The jet power varies from 103% to
1039 erg/s, with higher values during major ejection events. Our simulations demonstrate different accretion states
connecting above mentioned jet modes revealed by varying magnetic field configurations, with MAD states connecting
stable jets and INT states connecting episodic ejections. The observed jets are very highly correlated with the hard
X-ray emission and are often characterized by a peak in radio flux which generally follows a dip in X-ray emission
(Mirabel & Rodriguez 1998).

Moreover QPOs show systematic evolution with spectral state. Low-frequency (0.1 — 10 Hz) QPOs dominate hard
states (Rodriguez et al. 2008), while high-frequency (100 — 450 Hz) QPOs appear in intermediate states (Belloni et al.
2006).

2.3. Complementary Systems

Cyg X-1, with its precisely measured mass of 21.2 4+ 2.2 M, (Miller-Jones et al. 2021), provides crucial comparative
insights. Its persistent hard-state jet shows remarkable stability, with steady radio emission at ~ 15 mJy and jet power
~ 1037 erg/s (Stirling et al. 2001). Our simulations suggest this stability arising from maintaining an intermediate
magnetic field strength avoiding the extreme variability of MAD states while still supporting jet production.

Further, the ULX system HLX-1 extends our understanding to higher mass scales (~ 10* M,). Its state transitions
mirror those seen in GRS 19154105 but on longer timescales (Servillat et al. 2011). HLX-1’s achieving hard state
luminosity of 10*°-10*! erg/s at sub-Eddington accretion rates (Davis et al. 2011) challenges conventional models,
which is however naturally explained by our MAD simulations through efficient extraction of black hole spin energy.

The timing-spectral-jet connections observed across this mass range (10-10° M) suggest common underlying physics
scaling with black hole mass. Our simulations of different magnetic field configurations provide a unified framework
explaining the various observational challenges: extreme variability, stable jets, super-Eddington luminosities, and
rapid state transitions.

3. SIMULATION SUMMARY

Our GRMHD simulations explore how magnetic field geometry and plasma-$ influence accretion dynamics around
rapidly spinning black holes (with a = 0.998). Using the HARMPI code, we study transitions between different
accretion states that may explain the complex variability observed in systems like GRS 1915+105.

We explore how different initializations lead to distinct evolutionary paths (listed in Table 6 in Appendix A) to
explore the full range from MAD to SANE states. Our two-dimensional (2D) and three-dimensional (3D) simulations
explore how different initial magnetic field configurations and plasma-g values lead to distinct evolutionary paths. We
categorize our simulations into 3 groups: P1, P2 and PL, depending on the magnetic field geometry. P1 group creates
a simple poloidal field in high-density regions, concentrating magnetic flux. P2 group has a more complex setup,
resulting in a stronger field near the equatorial plane that can promote vertical field structures. PL group creates a
magnetic field that scales with both density and radius, with the field being strongest in high-density regions. For each
of the three groups described above, we have run simulations with initial plasma-3 values starting from 0.1 to 1000.
The models are named based on their group followed by the initial plasma-3 value (for example, P1B100 model means
initial plasma-8 = 100 and the magnetic field geometry is of P1 type). The time evolution of various parameters in
our simulations, like accretion rate and magnetic flux, reveals the complex dynamics of accretion flows around rapidly
spinning black holes and provides key diagnostics for identifying different accretion states.

In this section, we do our preliminary analysis with low resolution 2D simulations of all the models. Based on these
results we select a few representative models which we are going to discuss in detail in the subsequent sections with the
help of high resolution 3D simulations. Finally, we will compare high resolution 2D and 3D simulations and discuss
the differences.
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All quantities are computed from the results produced in every ~ 10r,/c where the gravitational radius r, = GM/ 2.
Time averages of quantities ) are represented as < @) >, averaged over time from ¢ = 15,000ry/c to t = 20,0007, /c
for low resolution 2D models, from ¢ = 25,000r,/c to t = 30,000r,/c for high resolution 2D models, and from
t = 20,000r,/c to t = 25,000r,/c for 3D models. This temporal window represents the quasi-steady state phase of
the simulations after initial transients have died away. Density weighted time averaged quantities are represented as
< @ >,. All radial profiles are shell averaged in 6 and ¢ directions.
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Figure 2. Evolution of dimensionless mass accretion rate with time for P1, P2 and PL configurations for low resolution 2D
models.



GRMHD SIMULATIONS OF TEMPORAL VARIABILITIES 7

Figure 2 shows the evolution of mass accretion rate at horizon in code units for the P1, P2, and PL configurations.
All configurations exhibit significant variability in the accretion rate, but with distinct characteristics. For the P1
configurations, we observe that lower plasma-f values lead to higher average accretion rates with more pronounced
variability. This is consistent with the idea that stronger magnetic fields can drive more efficient angular momentum
transport through magnetic stresses (Mukhopadhyay & Chatterjee 2015). The highest accretion rates are seen for
plasma-g8 = 0.1 and 1, suggesting that these configurations may correspond to the most efficient flows. The variability
in accretion rates for plasma-3 = 0.1, 1 and 10 cases is characteristic of MADs which form magnetic barriers to prevent
matter from flowing in. However, we observe steady variation in cases of plasma-f = 100 and 1000, characteristic of
SANE. The accretion rate variability patterns, we observe, are reminiscent of those seen in Cyg X-1 (Grinberg et al.
2013). During its hard state, Cyg X-1 shows relatively steady accretion with moderate variability (Churazov et al.
2001), similar to our low plasma-3 P1 models. The source exhibits more dramatic variations during state transitions
(Wilms et al. 2006), comparable to our intermediate plasma-f configurations where magnetic field reorganization drives
enhanced variability.

The P2 configurations show a different trend, with the highest accretion rates occurring at intermediate plasma-f3
values (10 — 100), as shown in Figure 2. This non-monotonic behavior suggests a complex interplay between magnetic
field strength and geometry in determining the accretion efliciency. For the very low plasma-f cases, the matter is
kicked out due to the formation of strong magnetic barriers by the accumulation of extreme magnetic flux. Since
matter is not present, the accretion rate is very low for those cases. It also shows that, unlike the P1 configurations,
the P2 configurations can accumulate magnetic flux very fast, which will be seen in detail in the next subsection.
The plasma- = 100 case shows high variability similar to MAD state and the plasma-8 = 1000 case shows steady
accretion like SANE state.

The PL configuration has the highest accretion rates occurring at high plasma-3 values (100 — 1000), as shown in
Figure 2. In this case, the matter is also kicked out for the plasma-8 = 0.1 and 10 cases, as seen by the decaying mass
accretion rate with time, like low plasma-g3 cases of P2. For plasma-£S = 100 and 1000 cases, behaviour is similar to
that in P2.

The variability patterns observed in these accretion rate evolutions are reminiscent of the different variability classes
observed in GRS 19154105 (Belloni et al. 2000). For instance, the variabilities seen in some of our simulations (like
P2B100, P1B01 and PLB100 models) could correspond to the oscillatory states, more precisely QPOs (e.g., p, v, a, 0
class) observed in GRS 19154+105. However, the more stochastic variabilities at very high plasma-8 = 1000 might
relate to the classes which exhibit noise like behaviour (e.g., A class). Moreover, the SANE states (Table 1) could
explain or resemble the less harder classes of GRS 19154105, e.g. A, 6 and p.

The evolution of normalized magnetic flux threading the black hole, shown in Figure 3 for plasma-g = 0.1, 100 and
1000, provides insight into the development of magnetically arrested states. The horizontal dotted line represents the
saturated magnetic flux values (see equation B9 in Appendix). When the system has accumulated enough magnetic
flux above the saturated values as seen in the figures, flux eruption events happen which removes the flux from the
system and there is a simultaneous drop in inflow mass accretion rate as was earlier seen in Figure 2.

For the P1 configuration, we observe that the magnetic flux saturates at higher values for lower plasma-{, consistent
with the formation of a MAD state (see Figure 3). The saturation level for plasma-3 = 0.1 approaches the theoretical
maximum for a MAD (Tchekhovskoy et al. 2011), suggesting that this configuration most readily achieves the MAD
state. However, for plasma-3 = 100 and 1000 cases, the saturated flux is below the MAD limit, reminiscent of SANE
accretion states.

The P2 and PL configurations show a more complex evolution of magnetic flux (see Figure 3). While lower plasma-3
(e.g. plasma-8 = 0.1) values still lead to higher saturation levels, the approach to saturation is less monotonic, with
oscillations and sudden jumps in flux because of eruption events as discussed earlier. In P2 configuration, the magnetic
flux also reaches saturation levels for plasma-8 = 100, although it remains below the MAD limit for plasma-5 = 1000.

The oscillations and sudden jumps in magnetic flux in the MAD states could be related to magnetic field reversals
and reconnection events, which may play a role in powering the variability observed in systems like GRS 19154105
(de Gouveia dal Pino & Lazarian 2005). When the system acquires flux close to the MAD limit, it may give rise to
hard states, and when the magnetic flux erupts, causing a decrease of flux available near the horizon, transitions to
relatively low energy/softer states can be explained. The process of eruptions of matter and magnetic flux can be
better visualized from the density profiles in a later subsection.
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Figure 3. Evolution of normalized magnetic flux at horizon with time for initial plasma-5 = 0.1,100 and 1000 configurations
for low resolution 2D models with the horizontal dotted line representing magnetic flux saturation level.

4. CONNECTING SIMULATIONS TO OBSERVATIONS

In this section, our analysis focuses on high-resolution 3D GRMHD simulations performed using H-AMR that capture
distinct accretion states observed in black hole systems. Out of all simulations listed in Table 1, we examine three
representative configurations: P2B100, PLB100, and P1B100, which are respectively MAD, INT and SANE states as
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Table 1. Model properties and accretion states

Model

Magnetic Flux Properties

Accretion State

P2B100

Magnetic flux reaches saturation value with
time showing a transition to MAD state. Mass
accretion shows frequent jumps and variability
due to eruption of magnetic flux.

The system acquires enough magnetic flux to
form magnetic barriers inducing flux eruption
events. This is a MAD state.

P1B01, P1B1, PLB100

Magnetic flux reaches saturation value for a
brief amount of time and then decays due to
flux eruption and thus transitioning to a SANE
state. Mass accretion shows variability which
are less prominent than the pure MAD state.

The system acquires saturation magnetic flux
for some time and transition between SANE
and MAD states. This is an intermedi-
ate/transition state.

P1B10,
P1B100, P1B1000,
P2B1000, PLB1000

Magnetic flux is always below the saturation
value. Mass accretion rate is stable with mini-
mal variability.

the system do not form magnetic barriers and
there is steady accretion throughout all time.
This is a SANE state.

P2B01, P2B1, P2B10,
PLBO01, PLB1, PLB10

Magnetic flux reaches much above saturation

The system forms very strong magnetic barriers

value due to low initial plasma-f8. Mass accre- and not allowing matter to accrete at all.
tion rate is unstable as the system is disrupted

by very high magnetic fields while matter is be-

ing thrown out causing a large drop in accre-

tion

NoTE—For more details about the models see Table 6 in Appendix A.

will be meant throughout this section. All physical quantities presented here are computed through density-weighted
shell averaging over § and ¢ directions. These configurations were selected based on their ability to reproduce key
observational features: P2B100 demonstrates the characteristics of magnetically arrested accretion with strong jet
formation, PLB100 captures the complex variability of INT states, and P1B100 represents a flow which is dynamically
similar to standard thin disk accretion. The equations for calculating density-weighted averages of physical quantities -
including velocity fields, magnetic field strength, plasma-/$3, scale height, and various efficiency measures - are provided
in Appendix B. Later, in Section 4.4, we compare our 3D analysis with 2D results of P2B100 (MAD state), PLB100
(INT states), and P1B100 (SANE state) configurations. This comparison demonstrates that while 3D effects introduce
some differences, some of the qualitative features and conclusions drawn from our 2D analysis also remain robust.

To better understand how different magnetic field configurations evolve into distinct accretion states, we show in
Figure 4 the initial magnetic field topologies for our three primary configurations. The figure displays the initial
density distributions overlaid with magnetic field lines for the MAD, INT, and SANE setups in our 3D simulations.

4.1. Magnetic States and Temporal Classes - Understanding Flow Properties and Class Transitions

Our simulations reveal three distinct accretion states that naturally explain the complex phenomenology of
GRS 1915+105 and complementary XRBs like Cyg X-1 and ULXs like HLX-1.

The radial density profiles as shown by Figure 5 reveal distinct power-law scalings characteristic of different accre-
tion states. The MAD configuration shows the steepest density profile with p oc =149 indicating strong magnetic
compression of the inner flow leading to lower densities in the inner regions, which is in accordance with predictions
of ADAFs (Narayan & Yi 1995). This scaling is notably steeper than the p oc =1 profile expected for constant mass
accretion rate flows (Ressler et al. 2023; Narayan et al. 2012; Chatterjee & Narayan 2022), suggesting significant mass
loss through magnetically-driven outflows. The INT state exhibits a shallower profile with p oc =96, while the SANE
configuration shows p oc 77939 These scalings are consistent with their less efficient angular momentum transport
and weaker magnetic compression compared to the MAD state. The SANE profile suggests that the gas pressure and
turbulent stresses play a more important role than magnetic forces in determining the flow structure. The systematic
flattening of density profiles from MAD to SANE states reflects the decreasing importance of magnetic support and
outflows. Strong magnetic fields in MAD configurations drive powerful outflows that remove mass from the inner
regions, steepening the density profile. In contrast, SANE flows are dominated by turbulent transport with weaker
outflows, leading to shallower density distributions. The measured density scalings thus provide a clear diagnostic
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Figure 4. Initial magnetic field configurations for our three primary simulations. The color contours represent the logarithmic
plasma-3, while the white lines show the magnetic field lines: (a) MAD configuration features a strong magnetic field structure
near the equatorial plane with very low plasma-f distribution and a very large initial torus. (b) INT configuration creates a
smaller disk with relatively higher plasma-3. (c¢) SANE configuration shows a simpler poloidal field pattern with even higher
plasma-f8 and a very low density of magnetic field lines, and smaller loops compared to MAD and INT configurations.
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Figure 5. Averaged density as a function of distance from black hole showing power-law relations.

for distinguishing between magnetically-arrested and weakly magnetized accretion states (Tchekhovskoy et al. 2011).
Recent GRMHD simulations by Narayan et al. (2022) found similar systematic trends in density profiles between
MAD and SANE states. The density profiles also help explain the observed spectral properties. The steeper MAD
profile results in lower densities and optical depths in the inner flow, naturally producing harder spectra as seen in y
and « classes of GRS 1915+105. The shallower SANE profiles maintain higher inner densities favorable for producing
relatively less harder (softer) emission characteristic of § and p classes.

4.1.1. MAD State Configuration (x, p, a Classes of GRS 1915+105)

The MAD configuration (Figures 6, 7), exhibits strong magnetic fields (B ~ 107-10% G, see Table 2) near the horizon,
characterized by rapid ejections evidenced by high variability in mass accretion (see Figure 8). The normalized magnetic
flux, ¢, exceeds 50 (see Figure 9), indicating significant magnetic field accumulation near the black hole (Narayan et al.
2003), while maintaining a geometrically thick disk (< h/r >,> 0.6, see Figure 10, where h is the disk height and r
is the radius from black hole) supported by strong magnetic pressure (<plasma-5 >,< 1, see Table 2). The rotation
profile in MAD shows significant sub-Keplerian motion (< Q/Qx >,~ 0.2-0.4, where Q is the angular velocity and
Qp is the Keplerian angular velocity, see Table 2) resulting from strong magnetic support against gravity. This sub-
Keplerian nature comes with large shell averaged radial velocities (| < v" >, | ~ 0.1¢) and high velocity jets reaching
relativistic speeds (I'jaz ~ 3-4, vjer ~ ¢, see Table 2) in the polar regions, where high magnetic pressure gradients
accelerate the flow. The high magnetization parameter (< o, >,~ 6-7, see Table 2) provides natural channels for
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(a) MAD at ¢t = 23340ry/c (b) MAD at t = 236907y /c

Figure 6. Instantaneous density color contours of 3D simulations in x-z plane for MAD configuration. The color shows density
values in logarithmic scale, the white lines are the magnetic field lines and the black arrows indicate velocity directions: (a)
Accretion of matter and magnetic field with wide jet launching regions along the polar axes. (b) Formation of strong magnetic
barriers in the MAD state due to accumulation of magnetic flux which stops matter from accreting further which is charac-
teristic of MAD states. [Online animation: See our high resolution movie of density evolution with time on YouTube playlist:
https://www.youtube.com/watch?v=SCg3zeG5iUI&list=PLHH19kmpHHtG60ONUUhqppchgKIESPKLG- . Movies depict time
evolution of logarithmic density contours in the side view (Cartesian (x, z) plane) for MAD simulation of a = 0.998 from ¢ = 0
to t = 25,0001y /c. The density contour starts with the initial Fishbone-Moncrief torus configuration and matter accretion is
initiated. Accretion onto the black hole is observed via a thin funnel around the mid-plane. Due to high magnetic field, repeated
accumulation and eruption of matter and magnetic flux is observed.]

(An animation of this figure is available.)
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(a) MAD at ¢t = 23340ry/c (b) MAD at ¢t = 236907y /c

Figure 7. Same as Figure 6 except for top (equatorial plane) view in the x-y plane: (a) Accretion of matter and magnetic
field as seen from top view, (b) eruption of matter due to accumulation of magnetic flux as seen from darker regions marked
with low matter density. [Online animation: See our high resolution movie of density evolution with time on YouTube playlist:
https://www.youtube.com/watch?v=dQp8hCBks7Y&list=PLHH19kmpHHtG60NUUhqppc5gKIESPKLG-&index=4 . Movie
depict a top view of accretion and ejection of matter with time.]

(An animation of this figure is available.)

strong collimated jets. The jets are followed by a dip in magnetic accretion rate due to formation of strong barrier
which pushes the matter out, which are then collimated by strong magnetic fields, which explains the peak of radio
emission observed by Mirabel & Rodriguez (1998) following a dip in X-ray emission. This organized flow structure
leads to enhanced angular momentum transport, thus leading to a lower value of angular momentum at the horizon


https://www.youtube.com/watch?v=SCg3zeG5iUI&list=PLHH19kmpHHtG6ONUUhqppc5gKlESPKLG-
https://www.youtube.com/watch?v=dQp8hCBks7Y&list=PLHH19kmpHHtG6ONUUhqppc5gKlESPKLG-&index=4
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Figure 8. Evolution of mass accretion rate at horizon with time for 3D simulations. MAD model show rapid ejections, while
SANE model show steady accretion. INT model show intermediate variability in accretion rate. The vertical lines in blue,
orange and green represent the time corresponding to the snapshots for MAD, INT and SANE respectively provided in Figures
6, 7, 11 and 12.
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Figure 9. Normalized magnetic flux evolution with time for high resolution 3D simulations with the dotted horizontal line
showing MAD saturation limit. MAD configuration reaches the saturation limit very easily and thus shows eruption of magnetic
flux, SANE configuration always remains well below the saturation limit, whereas INT configuration shows an intermediate
magnetic flux between MAD and SANE.
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Figure 10. Shell averaged disk aspect ratio as a function of distance from black hole for 3D simulations.
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Table 2. Simulated properties of different models and their characteristics

State | <" >, " Thae <Biex>, <A>;, <Q/Qx >, <om>," <plasma-§>3* n** Mrg** org™*
(at 71r) (at rgr)  (at rm) (at 7sr) (at rrr) variability  variability
MAD 0.08 3.55 6.81 0.18 0.35 5.89 0.12 1-1.5 0.236 0.150
INT 0.08 2.12 6.06 0.93 0.48 0.48 1.16 0.3-0.5 0.217 0.077
SANE 0.02 1.84 4.35 1.85 0.85 0.13 3.24 0.1-0.2 0.180 0.077

NoTE—Quantities in this table are derived from both 2D and 3D GRMHD simulations: Quantities marked by “*” are calculated
from 2D simulations (time-averaged over 25,000-30,000r,/c): - | < v" >, |: Radial velocity at the horizon in units of ¢, - I'maa:
Maximum Lorentz factor of accelerated jets, - < Biot >,: Total magnetic field strength at the horizon in units of 107 Gauss
for GRS 19154105 (M = 14M¢ and M = 0.01Mpgaa), - < A >,: Specific angular momentum at the horizon, - < Q/Qx >,:
Ratio of angular velocity to Keplerian angular velocity at outer radius. Quantities marked by “**” are calculated from 3D
simulations (time-averaged over 20,000-25,0007,/c): - < om >,: Magnetization parameter at the horizon, - <plasma-8 >,:
Ratio of gas pressure to magnetic pressure, - : Outflow efficiency of the jet production or energy extraction, - MTH variability:
Mass accretion rate variability (computed as oy, /j1,;,) where o,; is the standard deviation and py, is the mean of the M.,
time series, - ¢,,, variability: Magnetic flux variability (computed as o4/us) where oy is the standard deviation and g is
the mean of the ¢,,, time series. All quantities are shell-averaged over 6 and ¢ directions. Calculations and the behaviors
of variables for 2D /3D quantities are given in Appendix B (see Figures 18, 19, 20, 21, 22, 23, 25 and 26) The measurements
characterize three distinct accretion states: MAD, INT and SANE.

compared to other states as shown in Table 2. This angular momentum transport is primarily driven by magnetic
stresses rather than hydrodynamic processes. The velocity field also shows clear evidence for magnetic barriers (Figures
6, 7) that periodically form and disrupt, creating alternating patterns of rapid outflow and infall that characterize
the MAD state. These properties explain the x class’s remarkable hard-state stability (Court et al. 2017), with
sustained jets (of power 5-10 x 1039 erg s—1) driven by ordered magnetic fields. It shows well-collimated relativistic jets
(vjer ~ ¢), matching both the observed jet powers (Fender et al. 2004) and the inferred bulk Lorentz factors < T >,> 2
(Neilsen et al. 2019). The strongly sub-Keplerian inner flow creates conditions for magnetic dissipation-powered hard
X-ray emission, while ordered fields maintain steady radio jets. The p class exhibits “heartbeat” oscillations through
cycles of magnetic flux accumulation, barrier formation, and rapid eruptions, with timescales of ~ 500 — 1000r,/c
(~ 50 — 100 ms), matching observed inflation/collapse sequences. The significant coronal contribution in this state
(72% power-law, Adegoke et al. 2018) aligns with our finding of magnetically-dominated sub-Keplerian inner flow even
during eruptions. The « class shows lowest luminosity (0.1341L g44) and hardest spectrum due to strongest magnetic
dominance (plasma-8 < 1), efficient angular momentum transport, and relativistic jets. While we cannot directly
compute spectra, the combination of strong magnetic support, sub-Keplerian flow, and relativistic polar jets provides
conditions where magnetic processes likely dominate the emission, naturally explaining the observed hard spectrum.
High-resolution X-ray spectroscopy has revealed both powerful jets and highly ionized disk winds in these states (Miller
et al. 2020), matching our simulated velocity field patterns showing both collimated polar jets and broader disk winds.

4.1.2. INT State Configuration (v, k, B, 0 Classes of GRS 1915+105)

The INT configuration (Figure 11), bridges MAD and SANE states with moderate magnetic flux (¢ ~ 20-40, Figure
9) and intermediate disk thickness (< h/r >,~ 0.3, Figure 10). The flow dynamics show transitional characteristics
with moderately sub-Keplerian rotation (< Q/Qx >,~ 0.4-0.6, see Table 2) and balanced pressure support (<plasma-
B >,~ 1, see Table 2). Shell-averaged radial velocities reach | < v" >, | ~ 0.08¢ (see Table 2), while the 2D velocity field
(see Figure 14b in Appendix B for details) shows complex flow patterns with both inflow and outflow components. The
velocity structure reveals less collimated outflows compared to MAD states, with maximum jet velocities vjet ~ 0.85¢
(< T >p~ 2 — 3, see Table 2) in the polar regions. Due to moderate magnetization (< o, >,~ 0.5, see Table 2),
this state shows a balance between the presence of both jets and winds. This mixed morphology produces moderate
angular momentum transport (see Table 2 to get an idea of moderate values), with contributions from both magnetic
and hydrodynamic processes. This explains the v class’s variable outflows (Neilsen & Lee 2011) arising from moderate
magnetization. The observed outflow velocities ~ 1000 km/s (Neilsen et al. 2019) match our simulated wind speeds
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1.0

Figure 11. Same as Figure 6 except for INT state at ¢ = 24020ry/c. Formation of a weaker barrier of mag-
netic flux in the INT state resulting in steadier accretion of matter compared to MAD state. [See our high resolu-
tion movie of density evolution with time on YouTube playlist: https://www.youtube.com/watch?v=NdFmP1kMgBk&list=
PLHH19kmpHHtG60ONUUhqppchgKIESPKLG-&index=3 . Movie depict steadier accretion with lesser eruptions compared to
MAD state.]

(An animation of this figure is available.)

in the outer regions, while the inner flow maintains sufficient magnetic field strength to power intermittent outflows
leading to jets. The k class’s balanced emission components reflect temporary equilibrium between magnetic and
gas pressures. Recent observations showing this state often precedes major transitions (Altamirano et al. 2021) align
with our finding that these configurations represent inherently unstable equilibria between MAD and SANE states.
The 3 class shows variations on 1000-20007,/c (0.1-0.2s) timescales (Belloni et al. 2000) which can be observed from
the accretion rate variability in INT state (see Figure 8). The 6 class maintains high variability with significant
power-law flux. Our simulations demonstrate that this can occur when moderate magnetic fields (<plasma-5 >,~ 1)
are strong enough to maintain corona-like conditions while undergoing continuous reorganization, as evident by the
complex velocity field patterns. The distinctive high-frequency QPOs in this state (Belloni et al. 2006) may arise from
oscillations in accretion rate of the moderately magnetized inner flow.

4.1.3. SANE State Configuration (X, §, u, ¢ Classes of GRS 1915+105)

The SANE configuration (Figure 12) maintains consistently low magnetic flux (¢ < 20, Figure 9) with weak magnetic
pressure (<plasma-3 >,> 1, see Table 2). The flow dynamics reveal a structure dominated by centrifugal and
gravitational forces rather than magnetic effects, with nearly Keplerian rotation (Q/Qg ~ 0.8-0.9, see Table 2) and
lower radial velocities (| < v" >, | ~ 0.02¢, see Table 2) with evidence of turbulent eddies in the disk region with
maximum jet velocities vjer ~ 0.1c. This turbulent structure, driven by MRI rather than large-scale magnetic fields,
results in less efficient angular momentum transport (see Table 2). Hence, the SANE configuration results in disks that
are relatively thinner (< h/r >,~ 0.2 — 0.3, Figure 10) compared to MAD and INT disks. Also, low magnetization
(< 0m >p~ 0.1, see Table 2) signifies domination of disk winds instead of strong collimated jets. This explains the A
class’s balanced emission from nearly Keplerian disk with turbulent outflow seen as winds. The absence of strong jets
in this state (Klein-Wolt et al. 2002) matches our simulated velocity field showing primarily turbulent motions rather
than collimated jets. The § class exhibits strong thermal characteristics from weak magnetic fields allowing efficient
cooling. The observed wind velocities ~ 1000km/s in this state (Neilsen et al. 2019) match our simulated turbulent
outflows with disk averaged velocity, | < v" >, | ~ 0.02¢ (Table 2). The p class shows high diskbb contribution which
corresponds to SANE configurations with weakest magnetic support. The v class shows highest diskbb contribution
(60%) with stochastic variability (Mukhopadhyay 2004; Adegoke et al. 2018) which can only arise in a near-Keplerian
flow (< Q/Qx >,~ 0.8-0.9, see Table 2) and weak magnetic support allowing efficient cooling. The ¢ class maintains
thermal characteristics with distinctive variability which can arise from varying intensities of MRI turbulence in the
weakly magnetized flow, producing the observed power or spectral features (Rodriguez et al. 2008).


https://www.youtube.com/watch?v=NdFmP1kMgBk&list=PLHH19kmpHHtG6ONUUhqppc5gKlESPKLG-&index=3
https://www.youtube.com/watch?v=NdFmP1kMgBk&list=PLHH19kmpHHtG6ONUUhqppc5gKlESPKLG-&index=3
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Figure 12. Same as Figure 6 except for SANE state at ¢ = 22620ry/c. Steady accretion of matter with tur-
bulence due to formation of eddies seen from velocity streamlines in the disk region. [See our high resolution
movie of density evolution with time on YouTube playlist: https://www.youtube.com/watch?v=-Q8JFpArDa8&list=
PLHH19kmpHHtG60ONUUhqppchgKIESPKLG-&index=2. Movie show steady accretion with time with almost no eruptions
unlike MAD state.]

(An animation of this figure is available.)

4.2. Characteristic Timescales

Our simulations reveal a hierarchy of timescales that naturally explain the diverse variability patterns observed in
GRS 1915+105 (M = 14Mg,, r4/c ~ 107* s). The fastest variations occur on timescales 1000 — 2000r,/c (~0.1-0.2
s), driven by magnetic flux eruptions in MAD states. These rapid transitions appear most prominently in the p classe
(Belloni et al. 2000), where observations show dramatic ejection events following magnetic barrier formation. The
« class shows more stable behavior on these timescales, consistent with our simulated periods of sustained magnetic
dominance.

Intermediate timescale variations span 5000 — 100007, /c (~ 0.5 — 1.0 s), involving systematic magnetic field reor-
ganization. This timescale characterizes the complex variability patterns seen in INT states, particularly the rapid
transitions of 8 class and the QPOs in 6 class (Neilsen & Lee 2011). The v and k classes show mixed variability
patterns on these timescales (Altamirano et al. 2021), matching our simulated behavior of partial magnetic arrest and
release.

To further investigate the variability patterns in our simulations, we perform Fourier analysis of the time series
obtained from the time-variation of the mass accretion rate for each accretion state. Figure 13 shows the resulting
power spectral density (PSD), which reveals distinct QPO-like features in all three states. The figure shows a general
trend of higher contribution in power density from low frequency components in case of MAD accretion state, whereas
more contribution from higher frequencies in SANE states.

The MAD state exhibits a QPO signature centered around approximately 10— 25 Hz with quality factors (Q = v/Av,
where v and Av are frequency and frequency width respectively) around 2 .These frequencies appear to be similar
to the low-frequency QPOs (LFQPOs) observed in the x and p classes of GRS 19154105 (Belloni et al. 2006). The
moderate @ factors suggest that these oscillations arise from magnetic flux eruption events from the disk surface
(McKinney et al. 2012) that occur with some regularity but are not strictly periodic. In reality frequencies are even
lower < 1 Hz, however our simulations do not capture it due to limited data points in the time series. A longer
duration simulations seem to capture low frequency behavior more accurately.

The INT state displays QPO peak in the 40-50 Hz range with @ between 1.65 and 16.85. The higher Q) factor
(16.85) for the 40 Hz QPO indicates a more coherent oscillation, likely arising from the quasi-stable magnetic field
configuration that characterizes this intermediate state. These frequencies align well with the QPOs observed in the
k and v classes (Altamirano et al. 2021), which represent transitional states in GRS 1915+105.

The SANE state, however, shows higher-frequency QPOs at 60-93 Hz with the highest @ (up to 8.39), indicating
more coherent oscillations. This is consistent with the more turbulence-dominated accretion flow in this state. Similar


https://www.youtube.com/watch?v=-Q8JFpArDa8&list=PLHH19kmpHHtG6ONUUhqppc5gKlESPKLG-&index=2
https://www.youtube.com/watch?v=-Q8JFpArDa8&list=PLHH19kmpHHtG6ONUUhqppc5gKlESPKLG-&index=2
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Figure 13. Power spectral density (PSD) of mass accretion rate time series for the three accretion states: MAD (top), INT
(middle), and SANE (bottom). The PSDs reveal distinct QPO signatures at different characteristic frequencies across the three
magnetic configurations. Fitted Lorentzian components (red curves) highlight the primary QPO peaks.

high-frequency QPOs (HFQPOs) have been observed in the p and § classes of GRS 19154105 (Morgan et al. 1997;
Motta & Belloni 2024).

The frequency hierarchy observed in our simulations (SANE > INT > MAD) suggests that stronger magnetic fields
tend to slow down the characteristic oscillation frequencies. This can be understood by the effective radius at which
these oscillations originate: in MAD states, magnetic pressure pushes this radius outward, resulting in longer orbital
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periods and lower frequencies. In SANE states, MRI turbulence dominates at smaller radii, producing higher-frequency
oscillations.

These findings complement previous GRMHD simulations that identified HFQPOs (McKinney et al. 2012) and
provide new insights into how different magnetic configurations can produce the range of QPO frequencies observed
in XRBs. While our current analysis window (approximately 1s) limits our ability to detect very LFQPOs, the
observed trend suggests that, with a longer time series, MAD states with stronger magnetic fields would likely produce
lower-frequency QPOs (0.1-10 Hz) consistent with the harder spectral states of GRS 19154105, while SANE states
would generate HFQPOs typically associated with softer/intermediate spectral states. This magnetic configuration-
dependent frequency relationship aligns with observations showing an inverse correlation between spectral hardness
and QPO frequency in XRBs (Motta et al. 2021; Ingram & Motta 2019). Our work specifically shows how transitions
between magnetic states can naturally explain the evolution of QPO frequencies observed during state transitions in
sources like GRS 1915+105.

Our analysis of the different simulated states provides insights into the very-high state observed in some XRBs,
characterized by both strong, episodic jet flares and HFQPOs. The SANE state, with its HFQPOs (60 — 93 Hz) and
higher @ (up to 8.39), best reproduces the HFQPO characteristics observed in very-high states. This suggests that the
inner regions of very-high state accretion flows may share properties with our simulated SANE configuration, where
turbulence dominates and creates coherent oscillation modes. However, the episodic jet flares typically observed in
very-high states occur on timescales of hours, beyond the duration achievable in our current simulations. These longer-
timescale phenomena might likely result from global reconfigurations of the magnetic fields. Future, longer-duration
simulations will be needed to fully capture these complex state transitions and the mechanisms behind episodic jet
flaring on hour-long timescales.

The longer timescales extend over months to years, corresponding to major transitions between temporal classes.
This can be explained by complete spectral state changes between MAD, INT, and SANE configurations (Chatterjee
& Narayan 2022; Rodriguez et al. 2008) proposed by our model simulations. During these transitions, we observe
systematic evolution that explains the progression through various classes, from magnetically-dominated (y, p, «)
through INT (v, s, 8, 6) to centrifugally-dominated (A, 8, p, ¢, ) configurations. The SANE states show more
gradual variations on these longer timescales, consistent with their turbulence-dominated dynamics.

4.3. Outflow Properties

The outflow power is calculated from the efficiency, 1 (see Equation B21 in Appendix), based on M and M of black
hole, which is given by
P =nMc?, (2)

where M = mMgaq and Eddington mass accretion rate is given by Mpgq = Lraa)(Mraac?) = 1.4 x 101 M /M, where
Nrad = 0.1 is the radiative efficiency showing the amount of energy being radiated.

4.3.1. Power and Efficiency

Each accretion state exhibits distinctive outflow characteristics that align with observed jet and wind properties.
In MAD configurations, we find total outflow powers of 5-10 x 103® erg s~! (see Table 3) with high magnetization
(< om >p~ 6.6, see Table 2). This powerful, magnetically-driven outflow explains the strong jets observed in y class
(Fender et al. 2004) and the high luminosities seen in « class (Adegoke et al. 2018) despite low accretion rates.

INT configurations generate moderate powers (3-5x 10%® erg s7!) with mixed efficiency and moderate magnetization
(< om >,~ 0.5, Table 2). This hybrid outflow structure matches observations of v and  classes, where both jets and
winds contribute to mass loss (Neilsen & Lee 2011). The variable balance between magnetic and gas pressure explains
the spectral transitions characteristic of § and 6 classes.

SANE configurations produce lower powers (1-3 x 1038 erg s=!, see Table 3) dominated by centrifugal forces (<
Om >p~ 0.1, see Table 2). Their thermally-driven winds match the observed properties of relatively softer A, 6, u, ¢
classes, where spectroscopy reveals broad, moderately ionized outflows (Miller et al. 2016).

4.3.2. Mass Scaling Relations
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Table 3. Properties of Sources - Observational properties vs Simulation Results

Sl. No. Source Mass Observed Accretion Rate Power Power State
(M) Luminosity (M) (2D Simulations) (3D Simulations) Configurations
(erg s™1) (erg s™1) (erg s™1)

1 GRS 1915+105 14 Mg ~ 10% — 10%° 0.01 Mgaq ~ 103 — 10%° SANE-INT-MAD
0.05 Mgaq ~ 108 — 10%°

2 Cyg X-1 20 Mg ~ 10%7 0.001 Mgaq ~1-3x10* SANE-INT
0.005 Mgaq ~1—3x10%

3 HLX-1 20000 Mgy~ 10% — 10**% |  0.001 Mgaa ~ 10% — 10" INT-MAD
0.005 Mgaa ~ 10% — 10

NOTE—The observed luminosities reported are X-ray luminosities, which are compared with our simulated outflow powers calculated
close to the black hole where X-ray emission originates.
+ This is observed luminosity only in hard state

Our simulations demonstrate scaling relations across the black hole mass spectrum, from stellar-mass XRBs to
intermediate mass black holes. For GRS 1915+105 at M = 0.01Mpggq, MAD state power reaches ~ 1039 erg s—1,
matching both the observed jet powers (Fender et al. 2004) and the rapid variability timescales (Neilsen et al. 2012).

Cyg X-1 (of M = 20Mg at M = 0.001MEdd) generates steady X-ray power ~ 1037 erg s~1 (Meyer-Hofmeister
et al. 2020) consistent with our SANE-INT state power. The INT state has jet velocities > 0.6¢ matching radio
observations (Stirling et al. 2001). The source’s remarkable stability in the hard state (Zdziarski et al. 2014) suggests
that it operates in a sustained SANE-INT configuration. High-resolution X-ray spectroscopy reveals disk winds with
velocities 500 — 1000 km /s (Miller et al. 2016). These velocities match our simulated flow structure, where we see the
matter achieving velocities close to 0.02¢ (see Table 2). The transitions between hard and soft states in Cyg X-1 occur
more smoothly than in GRS 1915+105 (Grinberg et al. 2013), consistent with our finding that SANE and INT states
exhibit controlled evolution without extreme flux eruptions. Our SANE and INT simulations show turbulent motions
at 10-100r, that produce variability on local orbital timescales. At these radii, the orbital periods are ¢4, ~ 2mr3/2 Je =~
0.02-0.3 s, corresponding to frequencies ~ 3 — 50 Hz, which align well with the broad range of variable frequencies
observed in the hard state (Pottschmidt et al. 2003). These timescales naturally arise from the MRI-driven turbulent
structures seen in our velocity field patterns (see Figure 12), where we observe formation of eddies and complex flow
patterns across this radial range.

HLX-1 (M ~ 2 x 10*Mg) demonstrates how these processes scale to intermediate-mass black holes. At M =
0.001 — 0.01Mpggq, our simulations predict maximum powers ~ 10%0 — 10*! erg s~ in MAD states, matching the
observed peak luminosities (Farrell et al. 2009). This high power output through magnetic energy extraction provides
a natural explanation for the extreme luminosities without requiring high accretion rates (Davis et al. 2011). Radio
observations have revealed relativistic jets with velocities v;e; > 0.7¢ (Webb et al. 2012), matching our simulated MAD
state jet velocities (vjer ~ ¢, Table 2). X-ray spectroscopy shows evidence for disk winds with velocities ~ 0.1c, as
given in Table 2 (Soria et al. 2017), consistent with our simulated outflow speeds in the broader disk region. The
source shows state transitions on timescales of weeks to months (Webb et al. 2014), precisely matching what we expect
from scaling our simulated dynamical times, t ~ (M/10Mg)ry/c, to intermediate black hole masses. The spectral
evolution between relatively harder and softer states follows patterns similar to GRS 19154105, consistent with our
finding that the same underlying mechanisms of magnetic field evolution operate across the mass scale. This, in turn,
verifies the fact that the accretion dynamics in these systems, especially in the hard state, are mostly dominated by
non-radiative processes.

It is important to clarify that the hard state X-ray luminosity of HLX-1 is usually attributed to an ADAF (Servillat
et al. 2011). Our simulations show that outflows carry a significant amount of energy flux, and accelerate electrons to
X-ray energies, contributing to the X-ray power. Thus, it is possible that in reality the total X-ray luminosity consists
of thermal synchrotron emission from the inner accretion flow, disk wind and the jet base, all located in the inner few
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tens of gravitational radii, instead of a single simpler source like an ADAF. Additionally, there could be contributions
from non-thermal processes in the jet region. While a detailed spectral analysis connecting our simulated states to
observed spectra is beyond the scope of the current paper, our results demonstrate that magnetic field configuration
plays a crucial role in determining the overall energetics of the observed systems. Future observations capturing the
X-ray polarization properties of HLX-1 will help constrain the radiative properties of the accretion flow and the jet
base.

The outflow power follows the fundamental scaling relation

. M M
Pyur ~ M2 ~ 10% (l) ( BH ) ( > erg ™!, (3)

0.1/ \10Ms ) \ My

where 1 depends on magnetic configuration: 7 ~ 1.0-1.5 for MAD, 0.3-0.5 for INT, and 0.1-0.2 for SANE states
(see Table 2). This scaling, supported by observations across the mass range (Webb et al. 2014; Miller et al. 2020),
demonstrates how similar accretion physics operates from stellar-mass XRBs to ULXs.

4.4. Comparison with 2D results

Table 4. Comparison of accretion flows in different states measured in both 2D and 3D GRMHD simulations

State <plasma-8 >, < om >, < h/r>, n Myar Dvar

Name 2D 3D 2D 3D 2D 3D 2D 3D 2D 3D 2D 3D

MAD 0.04 0.12 32.63 5.89 04-0.8 0.2-06 1-10 1-1.5 1.632 0.236 0.133 0.150
INT 0.11 1.16 2528 048 0.2-04 0.2-03 1-2 0.3-0.5 1.066 0.217 0.245 0.077
SANE 1.11 3.24 4.04 013 0.1-0.2 0.2-0.3 0.7-1 0.1-0.2 0.227 0.180 0.108 0.077

NoOTE—see Appendix B for underlying figures (Figures 16, 17, 20 , 21, 24 and 26 ) .

Our comparison between 2D and 3D simulations demonstrates that while there are some quantitative differences, the
qualitative features and primary conclusions about accretion states remain robust. Analysis of mass accretion rates
(Table 4) shows that both 2D and 3D simulations capture the key distinguishing characteristics: MAD states exhibit
high variability with quasi-periodic eruptions, INT states show moderate variability, and SANE states maintain steady
accretion (see Figure 8, Table 2).

The normalized magnetic flux evolution (Table 4) confirms that the threshold behavior identifying different accretion
states persists in 2D. The P2B100 configuration readily achieves MAD conditions with ¢ > 50, while P1B100 remains
consistently below the MAD threshold. The key difference appears in the saturation timescale, with 3D simulations
typically requiring ~ 20% longer to reach steady state, consistent with previous findings (McKinney et al. 2012).

Geometric properties like disk scale height (Table 4) show remarkable consistency between 2D and 3D, with A/r
profiles differing by less than 15% across all configurations. The plasma-§ distributions (Table 4) maintain the same
hierarchical ordering in both 2D and 3D, though 3D cases show somewhat higher values due to enhanced magnetic
field dissipation through the additional degree of freedom.

The most notable quantitative difference appears in the outflow powers, where 3D simulations require accretion rates
approximately 5 times higher (M = 0.05MEdd in 3D versus 0.01MEdd in 2D) to achieve comparable luminosities for
GRS 19154105 (see Table 3). This difference arises from the inherently more efficient angular momentum transport in
2D that artificially enhances accretion efficiency (Porth et al. 2019). However, when scaled appropriately, the relative
powers between different states and their qualitative behaviors remain consistent across dimensionality.

Importantly, the key spectral state transitions and outflow characteristics that explain the observational features of
GRS 19154105, Cyg X-1, and HLX-1 are preserved in 2D. The threefold classification into MAD, INT, and SANE
states remains robust, as evident by the efficiency (see Table 4) maintaining clear separations between configurations.

5. CONCLUSIONS

Our systematic GRMHD simulations of accretion flows around rapidly spinning black holes (with a = 0.998) reveal
three distinct accretion states that naturally explain the complex phenomenology observed across the black hole mass
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Table 5. Properties of different accretion states corresponding to different classes of GRS 1915+105

Property MAD State INT State SANE State
Magnetic field Strength Strong (plasma-8 << 1) Moderate (plasma-8 ~ 1) Weak (plasma-8 >> 1)
Mass Accretion Highly Variable Moderately Variable Steady
Episodic ejections Periodic Variations Low Variability
Outflow Properties Strong Jets Mixed Outflows Weak winds
High Collimation Moderate Collimation Uncollimated
Outflow Efficiency > 100% 30 — 50% < 20%

Disk Structure

Geometrically thicker

Magnetically Supported

Intermediate thickness

Partially Compressed

Geometrically thinner

Centrifugally Supported

Angular Momentum

Transport

Magnetic Domination

Strong Magnetic Stress

Mixed Transport
Moderate Stress

MRI Dominated
Weak Magnetic Stress

Probable GRS 1915+105 Classes X, p, & classes K, v, 3, 0 classes A,y @, 8, v classes

spectrum (Narayan et al. 2022). As summarized in Table 5, these states are characterized by fundamentally different
magnetic field configurations that drive distinctive outflow properties and variability patterns:

1. The MAD state, achieved with strong initial magnetic fields (plasma-8 << 0.1), exhibits powerful jets (power
~ 10%? erg s71), highly variable accretion, and significant sub-Keplerian motion (£2/Qg ~ 0.2-0.4). This state explains
the x, p, and « classes of GRS 19154105, where magnetic pressure dominates the inner flow dynamics.

2. The INT state bridges the gap between MAD and SANE regimes, with moderate magnetic support (plasma-
B ~ 1) producing mixed outflow morphologies and complex variability. This configuration naturally accounts for the
k, v, B, and 6 classes, where magnetic field reorganization drives rapid state transitions.

3. The SANE state, characterized by weak magnetic fields (plasma-8 >> 1), shows steady accretion with primarily
thermal winds. This state corresponds to the A, u, ¢, §, and v classes, where turbulent processes dominate angular
momentum transport.

Our results demonstrate remarkable scalability across the black hole mass spectrum, from stellar-mass XRBs
(GRS 19154105, Cyg X-1) to intermediate-mass black holes (HLX-1). The outflow power follows a fundamental
scaling relation with efficiency determined by magnetic configuration: P, ~ 10%(1/0.1)(Mpg/10Mg)(M /Mgaq)
erg s~!. This unified framework explains the extreme variability of GRS 19154105, the steady jets of Cyg X-1, and
the high luminosities of HLX-1 in hard states (Webb et al. 2014) with moderately sub-Eddington accretion rates.

Our simulations reveal a natural hierarchy of timescales that explain the rich variety of variability patterns observed
in accreting black holes. The fastest variations, occurring on 1000-2000 r4/c (~ 0.1 — 0.2 s for GRS 1915+105), arise
from magnetic flux eruptions in MAD states and corroborate to observed QPO frequencies in x and p classes (Belloni
et al. 2000). Intermediate timescales of 5000 — 100007 /c (~ 0.5 — 1.0 s) characterize magnetic field reorganization
in transitional states, matching the complex variability patterns seen in 8 and 6 classes (Altamirano et al. 2021).
These timescales scale naturally with black hole mass, explaining why HLX-1 shows similar variability patterns but
stretched to weeks and months. The tight correlation between magnetic field dynamics and observed timing properties
- from high-frequency QPOs to low-frequency state transitions - suggests strongly that magnetic processes, rather than
thermal or viscous effects, drive the primary variability in accreting black hole systems.

Our comparison between 2D and 3D simulations reveals that while quantitative details differ, the qualitative features
distinguishing different accretion states remain robust. The primary difference appears in accretion efficiency, with 3D
simulations requiring approximately five times higher accretion rates to achieve luminosities comparable to 2D cases.
This difference arises from enhanced magnetic field dissipation (Porth et al. 2019) and more complex flow structures in
3D, but importantly does not affect the fundamental relationships between magnetic field geometry, outflow properties,
and variability characteristics.

A key finding of our work is the unification of seemingly disparate observational features through the framework of
magnetic field evolution. The same underlying mechanisms - magnetic flux accumulation, eruption, and redistribution
(Tchekhovskoy et al. 2011) - seems to operate across a remarkable several orders of magnitude in black hole mass,
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explaining observations from stellar-mass XRBs to intermediate mass black holes. This suggests that magnetic field
geometry, along with accretion rate (however below a critical value as per sub-Keplerian advective accretion flow),
plays the decisive role in determining both spectral states and outflow properties. The success of this unified picture in
explaining diverse phenomena, from QPOs to relativistic jets, demonstrates the fundamental importance of magnetic
processes in governing black hole accretion. Further, the success to explain observations based on present non-radiative
model suggests that radiation mechanism might have minimal (or no) impact to control disk dynamics for, at least,
the systems we are addressing in the present work.

It is important to note that our simulations primarily address the hard and intermediate states of XRBs. The thermal
or high/soft state, characterized by an optically thick, geometrically thin disk producing multicolor blackbody emission,
requires efficient radiative cooling mechanisms absent in our non-radiative simulations. Some GRS 1915+105 classes
with high diskbb contributions (u, A, 4, and 7 classes with > 54% diskbb contribution) still maintain a considerable
power-law component that our SANE models can help explain. These classes likely represent states where radiative
cooling becomes important while corona/sub-Keplerian activity continues to produce the non-thermal emission. The
full thermal state might emerge from as a significantly “modified SANE” configurations if radiative processes were
included, potentially representing a third major accretion state alongside the MAD and INT states focused on in this
work.

While our simulations consider different initial conditions to produce distinct accretion states, they do not capture
real-time transitions between states. However, we try to unifiedspeculate the picture, at least partially, for how
these transitions might occur in real systems. Our unified framework of three distinct accretion states suggests
possible mechanisms involved with magnetic fields driving state transitions and hysteresis. For the generation of
hard/intermediate state, magnetic fields have been shown to accumulate near the black hole via advection in the disk
from larger-scales (Narayan et al. 2003) or via in-situ generation within the disk (King et al. 2004). The transition
from hard to soft states is, however, an open question. While the supply of magnetic fields via advection is much less
efficient when the accretion flow is geometrically thin (hence they form near Keplerian angular momentum distribution),
the mechanism behind the diffusion of magnetic fields from near the black hole (Lubow et al. 1994) is unknown, as
GRMHD simulations are yet unable to capture the relevant timescales for state transitions (which vary over days
to weeks and even months). One possibility being however the supply of magnetic flux is sluggish, whatever be the
reason. Magnetic flux eruptions, also seen in our MAD simulations, tend to redistribute the magnetic flux within the
disk (Tchekhovskoy et al. 2011), with a tiny amount of flux dissipated away. This process could, in principle, account
for the loss of magnetic flux over long timescales. However, no simulation has yet reliably demonstrated whether the
rate of loss of magnetic flux is significant.

Nevertheless, while our simulations capture the essential physics of different accretion states and outflows/jets, several
important limitations should be addressed in future work. First, the inclusion of radiative cooling and radiation pressure
effects (McKinney et al. 2012) would provide more accurate modeling of spectral states and transition timescales. Liska
et al. (2024) performed radiative two temperature GRMHD simulations of truncated disks where they have shown
how the SANE disk collapses to a standard thin disk when cooling effects are included, whereas the MAD disk
remains advective. The thin disk part of the SANE disk could then be the source of soft photons which form the
diskbb component of the softer spectral states of GRS 1915+105. Second, our treatment of magnetic field dissipation
(Chatterjee & Narayan 2022) could be improved through higher-resolution studies of reconnection physics. Third, the
impact of more realistic equation of state and detailed microphysics should be investigated. Future work should also
explore the role of misaligned accretion flows and non-axisymmetric perturbations in driving state transitions.

Videos of our simulations showing the temporal evolutions of density, magnetic fields, and outflows in different
accretion states are available at http://www.youtube.com/@rohanraha2157. These visualizations provide additional
insight into the complex dynamics revealed by our calculations.
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Table 6. Summary of 2D and 3D GRMHD simulations for a = 0.998 with various initial plasma-£ and magnetic field geometries

Model Field type plasma-fo Resolution Magnetic potential ~Geometry description
P1B01-2DLR Poloidall 0.1 256 x 256 x 1 Ay = max(q, 0) Creates a simple poloidal field confined to
P1B01-2DHR 0.1 448 x 192 q = p/pmaz — 0.2 high-density regions with field lines.
P1B1-2DLR 1 256 x 256 x 1 This setup concentrates magnetic flux in
P1B10-2DLR 10 256 x 256 x 1 the densest parts of the accretion flow,
P1B100-2DLR 100 256 x 256 x 1 potentially leading to magnetically driven
P1B100-2DHR 100 448 x 192 outflows from these regions.
P1B100-3D 100 448 x 240 x 192
P1B1000-2DLR 1000 256 x 256 x 1
P2B01-2DLR Poloidal2 0.1 256 x 256 x 1 Ay = max(q, 0) More complex configuration with additional
P2B1-2DLR 1 256 x 256 x 1 q = p/pPmaz (7‘/rm)3 radial and angular dependencies. Creates a
P2B10-2DLR 10 256 x 256 x 1 sin®0e™"/%%° — 0.2 stronger field near the equatorial plane that
P2B100-2DLR 100 256 x 256 x 1 falls off with radius, promoting vertical
P2B100-2DHR 100 448 x 192 field structures and stronger magnetic
P2B100-3D 100 448 x 240 x 192 activity in the inner disk regions. This
P2B1000-2DLR 1000 256 x 256 x 1 geometry enables rapid flux accumulation.
PLB01-2DLR Poloidal 0.1 256 x 256 x 1 Ay = max(¢*r®,0)  Creates a magnetic field that scales with both
PLB1-2DLR Long loop 1 256 x 256 X 1 ¢ = p/pmaz — 0.2 density and radius. Field is strongest in
PLB10-2DLR, 10 256 x 256 x 1 high-density regions and increases rapidly
PLB100-2DLR 100 256 x 256 x 1 with distance. The quadratic dependence on
PLB100-2DHR 100 448 x 192 q produces stronger contrast between high
PLB100-3D 100 448 x 240 x 192 and low density regions than Poloidall. The
PLB1000-2DLR 1000 256 x 256 x 1 r® factor drives strong outer activity.
APPENDIX

A. NUMERICAL SETUP

We use the HARMPI/H-AMR code to solve the GRMHD equations for a radiatively inefficient magnetized accretion
flow around a rotating black hole defined by Kerr metric in Kerr-Schild coordinates whose line element is given by

ds? = — (1= Z)dt*> + (L) drdt + (1 + %) dr? + £d6? + sin® 0 [S + a* (1 + &) sin® 0] d¢? (A1)
— (1 g20) dgdt - 2a (1 + %) sin® 6dgdr,
where ¥ = 72 +a?cos? 0 and g = Det(g,,) = —¥?sin” §. Unless otherwise noted, we use units of ¢ = GM = 1, and we

follow the notational conventions of Misner et al. (1973). The code employs a conserved scheme that maintains both

the divergence-free constraint on magnetic fields and conservation of mass-energy-momentum to machine precision.

The detailed equations of accretion flow, governed by the conservation of stress-energy tensor along with continuity

equation and magnetic induction equation, are given in several papers, see, e.g., Gammie et al. 2003, Liska et al. 2022.
Our numerical integrations are carried out in a modified Kerr-Schild coordinates zq, x1, 2 and 3, given by

.T():t
r3=¢
r =e"

1
0 =gy + 5(1 — h) sin(2mhxs).

(A2)

Our 2D and 3D simulation grids extend from r = r;,, = 0.87rg to 103rg7 with rg being the radius of the event
horizon and r, is the gravitational radius r, = GMpg/ c?, ensuring we capture both the dynamics near the black
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Table 7. MRI Quality Factors averaged in the bulk of the disk between r = 20ry; and r = 60ry

Component MAD INT SANE

QrMRI 82.45 14.47 10.72
Qo MRI 93.69 14.28 11.11
Q4 MRI 75.48 25.35 21.10

hole and large-scale magnetic field evolution. The grid resolution used in 2D is N, x Ng x Ny = 256 x 256 x 1 for
low resolution and IV, X Ny x Ny = 448 x 192 x 1 for high resolution. For 3D simulations, the grid resolution used
is N, X Ng x Ny = 448 x 240 x 192. These resolutions are chosen to adequately resolve both the magnetorotational
instability (MRI) that drives turbulent transport and the large-scale magnetic structures that develop in MAD states.
We apply outflowing radial boundary conditions (BCs), transmissive polar BCs, and periodic BCs in the azimuthal
direction.

Our simulation starts with a black hole surrounded by a standard Fishbone-Moncrief (FM) torus (Fishbone &
Moncrief 1976). We use an ideal gas equation of state with the gas pressure pgqs = (f‘ — 1)tgqs, where = 13/9 is the
adiabatic index and uy,s is the internal energy of the gas.

We initialize our model with different magnetic field geometries as given in Table 6 (McKinney et al. 2012; Chatterjee
& Narayan 2022) to explore different pathways to magnetic flux accumulation. The magnetic field strength in the
initial setup is normalized by setting max(pgas)/max(pmag) = 0.1, where pyqy = b?/2, is the magnetic pressure.

To ensure our simulations adequately resolve the magnetorotational instability (MRI), we calculate the quality
factors Qmri for each model following the methodology of Hawley et al. (2011) and McKinney et al. (2012). Qmr1
represents the number of grid cells per fastest-growing MRI wavelength in each direction and is defined as

Az MRI
Qz MRI = Ay (A3)

where A Mg is the fastest-growing MRI wavelength in the z-direction, and Ax is the grid spacing in that direction.
The MRI wavelength is given by

Nonrr ~ 2 Al (A4)
|Qrot|
for x = 1,0, ¢, where v, 4| = \/b%b, /€ is the z-directed Alfvén speed, € = b+ p+ tugas + Pgas, and 7ot = vror, Where
Urot 18 the rotational velocity of the disk.

Table 7 presents the averaged Qmrr values for our three primary accretion states between r = 20r, and r = 60r,.
The MAD model exhibits exceptional resolution with values close to 100 for all components, while INT and SANE
models maintain Qyry > 10 throughout the domain. The value of Qg mrr shows the highest values, especially for
INT and SANE states, consistent with our grid design that emphasizes resolving non-axisymmetric modes. All models
significantly exceed the minimum threshold of Qyr1 > 6 required for properly resolving MRI-driven turbulence (Porth
et al. 2019; Sano et al. 2004). The particularly high Qmgr values in MAD models reflect the strong magnetic field
amplification characteristic of this configuration.

B. CALCULATIONS AND ADDITIONAL 2D/3D SIMULATION RESULTS

For flux densities Fy, the flux integral is calculated as

ﬂﬂz/V%ﬁwm. (B5)

For weight w, the average of Q is

_ JV—gwQdodg
[ V/gwdods
All physical quantities like velocity and magnetic field are weighted by density.

All quantities are computed from the results produced in every ~ 10r,/c. For all quantities @), averages over time are
performed from ¢ = 15,0007, /c to t = 20,000r/c for low resolution 2D models, from t = 25,0007, /c to t = 30,0007, /c
for high resolution 2D models and from ¢ = 20,000r,/c to t = 25,000r,/c for 3D models.

Qu(r) =< Q >y (B6)
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Figure 14. Velocity contours for 2D simulations, time averaged from ¢ = 25,000r,/c to t = 30,00074/c. The colors represent
velocity magnitude and arrows show directions of velocity. P2B100 configuration shows radially outward flows characteristic of
MAD flows, whereas P1B100 shows turbulence and formation of eddies especially in the equatorial disk region characteristic of
SANE. The INT state shows matter inflowing in the equatorial region which then bends outwards and forms outflows moving
towards the polar regions.

The mass accretion rate as a function of radius (r) is calculated as follows:

M(r) = — / pu”dOde. (B7)
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= SANE
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Figure 15. Radial profile of the mass accretion rate (M) from our 3D GRMHD simulations. For the MAD state, the profile is
time-averaged over multiple variability cycles.

To confirm that our simulations have reached inflow equilibrium, we present the radial profile of the mass accretion
rate in Figure 15. It demonstrates that M remains nearly constant with radius in the inner parts of the disk, verifying
that the necessary equilibrium conditions are satisfied. For SANE state, this constancy with radius directly indicates a
stable inflow equilibrium. However, for the MAD state, the inherent variability necessitates a time-averaged profile over
multiple variability cycles, which similarly confirms a statistically stationary state in the mean, free from domination
by transient effects.

The dimensionless radial magnetic flux threading a black hole normalized by mass accretion rate is given according
to Tchekhovskoy et al. (2011) as

5o VT

oM

/ |B"|d0ds, (B8)
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where B" is the radial component of the magnetic field. MAD systems are characterized by a flow with ¢ values
saturated at 30 — 50 (Narayan et al. 2022).
The approximation given by Narayan et al. (2022) of magnetic flux for MAD systems is

brrap(a) = 52.6 + 34a — 14.9a — 20.2a°. (B9)

103 10?
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Figure 16. Evolution of mass accretion rate at horizon with Figure 17. Normalized magnetic flux evolution with time for

time for high resolution 2D simulations. MAD configuration high resolution 2D simulations with the dotted line showing

shows rapid ejections while SANE shows steady accretion. MAD saturation limit. MAD configuration reaches the satu-

ration limit very easily and thus shows eruption of magnetic
flux. INT configuration reach the saturation limit less fre-
quently, whereas SANE configuration always remains below
the saturation limit.

The density (p) and velocity (v") are calculated by taking average over time and then weighted by density, while
integrating over a shell in 6 and ¢ direction as follows:

[ /—gp*dode

= B1
Pp f —gpdbdd (B10)
o = LV/Z9pie dbds —gpurddds (B11)
0TV apdbds
The density-weighted disk averaged angular velocity is similarly calculated as
w?

Q — J V=gpirddode (B12)

7 [ V=gpdods

and the Keplerian angular momentum is given as Qg =1/ r3/2

given by

. The density-weighted disk averaged magnetic field is

5 _ JV/—gpBdbde
P [/ gpdods

where B is the total magnetic field defined as B = /B2 + Bj + B},

The plasma-$ is defined as the ratio of gas pressure to the magnetic pressure, calculated as

plasma — 3, = JV=gppydbds (B14)

[ V/=9ppmdfde’

where p,,, = b%/2 is the magnetic pressure and Dy is the gas pressure.

(B13)
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Figure 18. Shell averaged radial velocity as a function of
distance from black hole in units of ¢ = 1 for 2D simulations.
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Figure 19. Variation of shell averaged angular velocity as a
fraction of Keplerian angular velocity with distance from the
black hole for 2D simulations.
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Figure 20. Shell averaged plasma-g as a function of distance from black hole for 2D and 3D configurations. 2D configurations
are easily magnetized due to axisymmetry and hence have lower plasma-5 than 3D simulations in all the cases.
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Figure 21. Magnetization parameter as a function of distance from the black hole for 2D and 3D simulations. 2D simulations
have higher magnetization compared to 3D because of higher magnetic flux accumulation.
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We use the magnetization parameter to characterize the ratio of the magnetic energy density to the rest mass energy
density, given by Narayan et al. (2022)

Om, = b%/p. (B15)

In order to calculate the jet velocity we use the Lorentz factor which is given by Chatterjee et al. (2023) as

V=g > 2)autdide
Lo =TT g > 2)ddo (B16)

where p = —T] /(pu”) is the specific radial energy density and o = 1/4/—g*t.
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Figure 22. Shell averaged total magnetic field in Gauss as a

function of distance from black hole for GRS 19154105 with Figure 23. Lorentz factor as a function of distance from the
a mass of 14M and an accretion rate of M= O.OlMEdd for black hole for 2D simulations.

2D simulations.

Porth et al. (2019) defined the disk scale height to radius ratio h/r as

- s
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Figure 24. Shell averaged scale height as a function of dis- Figure 25. Shell averaged specific angular momentum as a
tance from black hole for 2D simulations. function of distance from black hole for 2D simulations.

The total radial energy flux is given by

E:—/J@ﬂwm, (B18)
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where TH" = (p+u + p + b*)uru” + (p + %b2)g’“’ — b*b¥. The hydrodynamic and electromagnetic components of the

radial energy flux are similarly given by

Eap = — / =91} (HD)dbds,

Bow =~ [ V=17 (EM)dbdo,

where T (HD) = (p + u + p)ufu” + pg"” and TH (EM) = b*u'u” + 1b%gh — bb”.

The net outflow efficiency is given by

’r]:

which refers to the power of outflows that escape out to infinity normalized by the mass accretion rate.

E_M_Pout
M M

)

The hydrodynamic and electromagnetic outflow efficiencies are similarly calculated as

NEM =

Eyp— M  PHD

— — oyt
NHD Y; IVl
Epy —M _ PR}

M M

(B19)

(B20)

(B21)

(B22)

(B23)

Positive values of efficiency correspond to the extraction of energy from the system in the form of jets or outflows.
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Figure 26. Total efficiency with distance from the black hole for 2D and 3D simulations. 2D simulations have higher efficiency

compared to 3D because of higher flux accumulation.
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