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Abstract: Theoretical studies of transonic accretion onto black holes reveal a wide range
of possible solutions, broadly classified into smooth flows and flows featuring shocks.
Accretion solutions that involve the formation of shocks are particularly intriguing, as they
are expected to naturally produce observable variability features. However, despite their
theoretical significance, time-dependent studies exploring the stability and evolution of
such shocked solutions remain relatively scarce. To address this gap, we perform simula-
tions of transonic accretion flows around a black hole in an ideal magnetohydrodynamic
framework. Our simulations are initialized using boundary conditions derived from semi-
analytical hydrodynamical models, allowing us to explore the stability of these flows under
varying magnetic field strengths. Our results indicate that mildly magnetized flows in a
uniform vertical magnetic field alter the accretion dynamics through magnetic pressure,
with the resulting force imbalance driving oscillations in the shock front. Variations in the
emitted luminosity arising from shock oscillations appear as quasi-periodic oscillations
(QPOs), a characteristic feature commonly observed in accreting black holes. We find that
the QPO frequency is determined by the radial position of the shock front: oscillations
occurring closer to the black hole produce frequencies of tens of hertz, whereas shocks
located farther out yield sub-hertz frequencies.

Keywords: black holes; accretion; numerical methods; magnetohydrodynamics

1. Introduction

https:/ /doi.org/10.3390/ universe12030077 Accretion onto compact objects such as black holes is one of the most fundamental
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processes governing high-energy astrophysical phenomena. The infall of matter into the
gravitational potential well of a black hole releases enormous amounts of energy, which is
often observed as intense radiation from accreting systems such as black hole X-ray binaries
(BHXRBs) and active galactic nuclei (AGN) [1,2]. BHXRBs display pronounced spectral and
temporal variability across different energy bands. Their observational properties strongly
depend on the accretion state, with transitions between spectral states accompanied by
significant changes in timing and radiative characteristics. In particular, BHXRBs can
exhibit quasi-periodic oscillations (QPOs) in the power-law component of their X-ray
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spectra, with both phenomena being closely linked to the underlying accretion dynamics
and spectral state of the system [see, e.g., 3-5]. Understanding the dynamics and energetics
of such accretion flows is therefore crucial for interpreting astrophysical observations of
black hole candidates.

Depending on the angular momentum of the accreting matter, two idealized limiting
solutions can be identified. In the absence of angular momentum, the flow is spherically
symmetric, leading to the classical Bondi accretion solution [6], where matter falls radially
onto the compact object. In contrast, when the angular momentum is sufficiently high, the
accreting material can settle into a geometrically thin, nearly Keplerian disk, in which radial
motion is negligible and the flow is primarily rotational [1]. While these two extremes
provide useful conceptual frameworks, realistic accretion flows around black holes are
neither purely radial nor perfectly Keplerian. In a more general scenario, rotating accretion
flows with significant radial advection introduce a much richer dynamical structure through
the interplay between centrifugal forces and advection velocities. Such transonic solutions
are crucial for understanding the global structure of accretion flows, as they determine how
matter can smoothly transition from subsonic to supersonic speeds while satisfying the
inner boundary condition at the event horizon. The resulting flow topologies are diverse,
ranging from single-sonic-point solutions similar to spherical Bondi accretion to accretion
flows that can exhibit multiple sonic points [7-9], which play a key role in regulating the
thermodynamic and radiative properties of the accreting plasma. This transonic advective
disk can have standing shocks, where a portion of the bulk kinetic energy of the flow is
converted into thermal energy [8—12]. The resulting hot post-shock region can serve as
a Comptonizing corona that upscatters soft photons, thereby influencing the observed
emission spectrum of the accretion system [13-15].

However, several models have been proposed to explain QPOs in the BHXRBs, includ-
ing the relativistic precession model (RPM) [16,17], the precessing inner flow model [18],
the accretion—ejection instability [19], the propagating oscillatory shock model [20,21], and
the magneto-rotational instability (MRI) turbulence model [22]. Focusing on the proposed
propagating oscillatory shock model, a series of inviscid hydrodynamic simulations have
been performed to study the formation and evolution of shocked, transonic accretion disks
[20,23-38]. Because shock formation is closely tied to the angular momentum distribution
within the disk, the inclusion of viscosity, which governs angular momentum transport,
is expected to influence both the existence and stability of the shock significantly. Indeed,
several studies have shown that viscosity can induce oscillations in shock position [39-47].
The characteristic frequencies of these oscillations are found to closely resemble the quasi-
periodic oscillations (QPOs) observed in BHXRBs, suggesting that the underlying shock
dynamics may provide a natural explanation for these observed luminosity modulations.
Recent investigations by Debnath et al. [47,48] have further demonstrated that the temporal
variations in luminosity arising from viscous, cooling-modulated shock oscillations can
reproduce QPOs in the sub-Hertz to few-Hertz range for microquasars hosting black holes
of tens of solar masses.

Magnetic fields in accretion disks play a crucial role in driving angular momentum
transport and energy dissipation through the magneto-rotational instability (MRI) [49,50].
The inclusion of magnetic fields introduces additional physical processes, such as magnetic
pressure, tension, and reconnection, that can substantially alter the global accretion dy-
namics. Over the past few decades, numerous general relativistic magnetohydrodynamic
(GRMHD) codes have been developed and applied to a wide range of astrophysical prob-
lems. They have been extensively used to investigate accretion processes and jet formation,
among other phenomena [51-62]. GRMHD simulations of tilted black hole accretion disks
have revealed a rich interplay between relativistic frame dragging, magnetic turbulence,
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and nonlinear disk dynamics: differential nodal precession driven by Lense-Thirring pre-
cession causes the inner regions of a tilted disk around a Kerr black hole to warp, and strong
external torques can overwhelm internal magnetic stresses and lead to disk tearing, where
the flow breaks into discrete, independently precessing rings that enhance dissipation and
can drive variability in accretion rate and jet orientation; these dynamics directly influence
jet behavior powered through the Blandford—Znajek process [63,64]. Subgrid models have
also been used to accurately capture MRI-driven turbulence and to study intrinsic dynamo
processes [65]. For a comprehensive overview of the modern GRMHD view of accretion
disk simulations, see also [66]. Recent GRMHD studies [36,67-70] have also explored
the different types of low-angular-momentum accretion flows, particularly showing an
outward shock structure in the disk and formation of jets. Despite the development of
GRMHD code, systematic investigations of transonic accretion flows with shocks in the
magnetohydrodynamic (MHD) regime remain relatively scarce. Recent general relativistic
magnetohydrodynamic (GRMHD) simulations by Mao et al. [37] and Dihingia et al. [71]
have shown that magnetized flows around rotating black holes can sustain standing shocks.
Shock formation in accretion flows onto binary black hole systems has also been reported
by Joshi et al. [72]. Although the number of such studies is still limited, they collectively
demonstrate that shocks can also form in magnetized accretion flows. However, the role
of magnetic field strength and topology in regulating the onset, stability, and oscillatory
behavior of these shocks remains poorly constrained. Addressing these issues is crucial
for developing a self-consistent framework that links the microphysics of magnetized
accretion flows to the macroscopic variability observed in black hole systems. To bridge
this gap, in this work, we present results from magnetohydrodynamic (MHD) simulations
of transonic accretion flows around a black hole, with an emphasis on the stability and
temporal evolution of shock solutions. The simulations are initialized using boundary
conditions derived from semi-analytical hydrodynamical solutions, which generate steady-
state shocks. Our objective is to investigate the time-dependent behavior of such solutions
by analyzing the resulting flow morphology, evolution, and stability of shocks in the flow,
and corresponding luminosity variations.

The remainder of the paper is organized as follows. Section 2 describes the theoretical
framework and numerical setup used in our simulations. Section 3 presents the main
results, focusing on the role of magnetic field strength in determining flow stability and
shock dynamics. Finally, Section 4 summarizes our conclusions and outlines potential
directions for future work.

2. Methods

Although analytical solutions for transonic accretion exist in the fully general rel-
ativistic regime, we restrict our analysis to the classical Newtonian MHD limit. This
non-relativistic framework is chosen to isolate and examine the specific physical processes
of interest. In particular, we focus on the role of magnetic fields in modifying shock dynam-
ics and driving oscillatory behavior in transonic accretion flows, as well as on evaluating
the extent to which the shock-oscillation model can explain QPOs over a broad range of
frequencies. We note that the Newtonian MHD treatment adopted here does not capture
relativistic effects that become important near the inner boundary, including frame drag-
ging and relativistic corrections to the flow energetics. In addition, jet launching is not
addressed in this framework, as spin-driven energy extraction require a fully relativistic
treatment. We model the accretion flow using the publicly available code PLUTO [73] in the
ideal MHD limit. PLUTO uses the higher-order Godunov scheme to solve the equations

LY (o) =0, 0



Universe 2026, 12, 77 4 of 23
0
%—i—v-(pV®V—B®B)+th=pVCDpw, 2)
a—B+V><(v><B):0, 3)
ot
JoE

here ®pyy = —GM/ (r — ) is the Paczynsky-Wiita potential [74] and ry = 2GM/ c? is the
Schwarzschild radius. ptr = p + pmag is the total pressure consisting of thermal (p), and
magnetic (pmag = |B|?/2) pressure. The total energy density E is the sum of the internal,
kinetic and magnetic energy density given as

Li§
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In addition to the above equations the magnetic field satisfies the solenoidal constraint,
V-B=0. (6)

To close the system of equations, an additional relation is required that connects the internal
energy density e to the fluid variables p and p. We adopt an ideal gas equation of state
(EoS) for which the internal energy density is given as ¢ = p/(7y — 1). The accreting
matter is cold at large distances from the black hole and becomes progressively hotter as it
approaches the event horizon. Consequently, the adiabatic index should transition from
a higher value (y = 5/3) in the outer colder regions to a lower value (y = 4/3) in the
hotter inner regions. Accurately capturing this thermal evolution would require an EoS
similar to the EoS given by Mathews [75], Ryu et al. [76], Chattopadhyay and Ryu [77] that
self-consistently computes the adiabatic index from the local temperature. In the present
study, such an equation of state was not incorporated into our simulation framework, and
we therefore employed the fixed < equation of state provided in PLUTO, adopting v = 4/3.

These equations are solved on a spherical grid (r, 6, ¢) using the HLLC Riemann
solver [78] with piecewise parabolic reconstruction [79]. Time evolution is performed using
a second-order Runge-Kutta (RK2) time-stepping method. To maintain the divergence-free
condition of the magnetic field, we employ the hyperbolic divergence cleaning method of
Dedner et al. [80].

We adopt a unit system in which the unit of length is the Schwarzschild radius,
re = 2GM/c?, and the velocity is measured in units of the speed of light, c. Hence, the unit
of time is t, = 2GM/c®, where M is the mass of the black hole. In this unit system, the unit
of specific angular momentum is r¢c. Since our simulations do not include any dissipative
processes, they are scale-free, and the length and time scales can be translated to those
associated with either microquasars hosting stellar mass black holes or AGNs containing
supermassive black holes, depending on the mass of the central object.

2.1. Initial and Boundary Conditions

The computational domain is initially filled with a tenuous, static atmosphere with
a rest-mass density patm = 1072 and gas pressure patm = 10~7. These parameters can be
converted into physical units based on the specific value of mass accretion rate considered
for the problem, as detailed in section 3.3. Matter is injected through the outer radial
boundary; the injection parameters, the radial velocity v and the dimensionless temperature
© = p/p are taken from semi-analytical steady-state transonic solutions (see Debnath
et al. 48 for details). The radial domain extends from » = 1.8 to r = 200. The inflow
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boundary condition is applied over an angular region |# — /2| < 71/6 at the outer
radius, while the remainder of that boundary uses outflow (zero-gradient) boundary
conditions. For subsonic and sub-Alfvénic flows, ideal MHD permits upstream propagation
of Alfvén and magnetosonic waves. In such cases, the number of boundary conditions that
may be prescribed is limited by the number of incoming characteristics of the hyperbolic
MHD system. Imposing all primitive variables at the injection boundary would therefore
over-constrain the system and can lead to artificial wave reflections. In our simulations,
we impose inflow boundary conditions only on the hydrodynamic variables (o, p, v,
and vy), while vy and all magnetic field components are treated using continuous (zero-
gradient) conditions. This allows the outgoing MHD characteristics to be determined
self-consistently by the interior solution and avoids over-specification of the magnetic
degrees of freedom. Furthermore, since § >> 1 near the outer boundary, the flow is
gas-pressure-dominated and the fast magnetosonic speed is close to the sound speed.
The boundary treatment, therefore, closely approximates the characteristic structure of
the corresponding hydrodynamic problem. We have verified that no spurious reflections
or boundary-driven artifacts are present in the solution. For 2D axisymmetric runs, we
impose axisymmetric boundary conditions along the polar axis in 6. For 3D runs, we use
the polaraxis boundary condition available in PLUTO along the 6 direction to avoid pole
singularity. This boundary condition means copying the values to the ghost zones from
the active zones after a rotation of 7t around the pole. The velocity components (except the
parallel one) reverse sign. We use periodic boundary conditions along ¢.

We used a grid resolution of N, x Ny = 200 x 296 for 2D axisymmetric simulations and
Ny x Ng X Ny = 100 x 296 x 120 for the fully 3D run. The radial grid is logarithmically
spaced to achieve higher resolution near the black hole. Additionally, the 6-grid has
high resolution near the equator. The region 77/4 — 37t/4 is resolved by 200 cells. The
choice of resolution and grid structure was made to optimize the ability of the code to
capture shocks efficiently without incurring excessive computational cost. The resolution
in the radial direction was tuned by matching the results of the 1D simulation with the
analytical solution. For multidimensional simulations, the resolution along the 8 direction
also becomes important to capture a steady-shock transition. We performed a series of
numerical simulations for the unmagnetized flow to determine that a resolution of 100
cells in the region 71/2 £ 71/4 is sufficient to capture a steady shock. A recent study by
Dihingia et al. [71] has shown that, in the weak-field limit, different initial magnetic field
configurations, specifically inclined versus vertical fields, produce qualitatively similar
density distributions, velocity streamlines, and Mach number profiles. Motivated by this
result, we adopt a simpler configuration in the present study and prescribe a uniform
vertical magnetic field at t = 0 of the form

B =By, (7)

where B is set to achieve the desired initial plasma beta in the whole domain,
2
Bo="% ®)

Different runs use different initial g values to explore the dependence of the flow on
magnetic field strength.

In order to avoid very small time steps caused by the unbounded nature of the Alfvén
velocity in the non-relativistic MHD regime, we impose a ceiling on the magnetization
parameter, defined as o = B2/ p, with a threshold value of 100. We also set a floor value
for the plasma B parameter at § = 0.01. Any cells exceeding these thresholds are flagged,
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and their values are reset to the prescribed limits. The simulations are evolved for long
durations (typically ¢ > 5 x 10%t,, where t, = 2GM/c®) to assess whether the system
relaxes to a steady-state configuration or exhibits sustained time-dependent variability.
The robustness of the numerical scheme and its ability to resolve shocks at the adopted
resolution were verified by reproducing the corresponding one-dimensional solution, as
presented in Appendix A.

3. Results

We begin by presenting the results of the purely hydrodynamic simulation, which
serves as the fiducial reference case for this study. This run establishes the baseline mor-
phology of the shocked accretion flow and provides a benchmark for assessing deviations
from the underlying steady-state analytical solution, ensuring that any departures can be
attributed to genuine physical effects rather than numerical artifacts.

We then analyze the magnetized simulations, which display clear morphological
differences relative to the hydrodynamic case, demonstrating the influence of magnetic
fields on the accretion structure and the resulting time-dependent behavior. Finally, we
compute the bolometric luminosities from all simulations through a posteriori radiative
estimates, showing that the temporal evolution of the shocks produces a characteristic
imprint on the emitted radiation.

3.1. Non-Magnetized Run

t =2000.00 t = 35000.00

t =40000.00 t =50000.00

logi10(p)

xxx

20
X

Figure 1. Top row: Density snapshots of the non-magnetized run RUNO. Arrows indicate the fluid
velocity. Bottom row: Pressure snapshots with white contours indicating shock and sonic surfaces.
Units of space and time are in terms of ¢ and ¢¢ correspondingly.

The fiducial simulation RUNO is carried out under non-magnetized conditions. In this
model, the accretion flow evolves solely under the influence of gravity and gas pressure.
The solution is specified by a fixed angular momentum A = 1.75 and a Bernoulli parameter
& = 0.005. Our simulation strategy for transonic accretion flows differs from approaches
that employ Fishbone-Moncrief tori [81-83] or thin-disk initial conditions [84,85], where the
computational domain is pre-filled with a prescribed disk profile. In contrast, for transonic
flows, the domain is initially set to very low density and pressure floor values, and matter is
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continuously injected through the outer radial boundary. The injection parameters are taken
directly from the analytical transonic solution, with vjy; = —0.0198 and ©j,; = 0.00182 at
the outer boundary, which is at ri,; = 200. The density at the outer boundary is settop =1,
and vy is calculated using vy = A/7iy;.

In the top row of Fig. 1, we show logarithmic density contours overlaid with velocity
vectors to illustrate the flow dynamics. The injected material initially takes some time
to propagate inward and reach the inner boundary, as seen in the first panel. Once the
inflow establishes itself, matter begins to accumulate and gradually settles into a steady
configuration. The bottom row shows the corresponding pressure distribution, with a
contour indicating the surface where the radial Mach number M = v" /¢, reaches unity,
¢s = /70O is the sound-speed. The chosen injection parameters impose a subsonic inflow
at the outer boundary. As the gas moves inward under gravity, it accelerates and eventually
becomes supersonic. Att = 35,000 t¢, the contour M = 1 identifies the sonic surface at
approximately r ~ 140.

By t = 40,000t¢, a sufficient amount of matter has accumulated to form a shock
surface, with the shock located near r ~ 25 on the equatorial plane (6 = 7t/2). The
last two columns of the figure provide a zoomed-in view of the inner disk structure. A
comparison between the snapshots at t = 40,000t and ¢ = 50,000 ¢, demonstrates that
the overall morphology approaches a quasi-steady state characterized by a well-defined
standing shock. Although the one-dimensional analytical estimate predicts the shock
location around r ~ 10, an exact match is not expected in multidimensional simulations, as
additional degrees of freedom allow the Rankine-Hugoniot conditions [86] to be satisfied
at different radii. The hydrodynamic run also exhibits clear equatorial symmetry about the
mid-plane, consistent with the expected behavior of an axisymmetric accretion flow in the
absence of perturbations [38].

3.2. Magnetized Simulations

We now turn to the magnetized simulations, which explore how varying magnetic
field strengths affect the accretion dynamics. We initialize the flows with three different
plasma B values: By = 10°, 5 x 10%, and 10°. The corresponding models, labeled RUN1, RUN2,
and RUN3, are identical in all aspects except for this choice of initial magnetization. The
maximum magnetization considered in this study is restricted by the specific region of
parameter space relevant to our objectives, namely that yielding oscillatory or transient
shock solutions, and by the unbounded nature of the Alfvén velocity in the Newtonian
MHD framework at higher magnetization. As the steady-shock solution is obtained by a
perfect balance of forces in a pure hydrodynamic regime, a gradual departure from the
steady state is expected if the magnetic field strength is increased. We start with model
RUN1; the density contours with overlaid velocity vectors are plotted in the top row of Fig.
2, and plasma S is plotted in the bottom row. For MHD runs we plot the fast magnetosonic
critical surface, identified numerically as the locus satisfying

M=1, ©)
The fast magnetosonic Mach number is defined as

M=ol (10)

i



Universe 2026, 12, 77

8 of 23

where v, is the radial velocity component and the fast magnetosonic speed for radial
propagation is obtained from the MHD dispersion relation,

1
;= 5 (c§ +05+ \/(cg +0%)2 - 403034,,1), (11)

t =40000.00

t =51500.00

t = 68500.00

2.745
2.353
1.961
1.569
1.177
0.785
0.393
0.002
—0.390
—0.782

log10(p)

| I 1
100 0 100

100 150

4.819
4.216
3.613
3.010
2.407
1.804
1.201
0.598
—0.005
—0.608

log10(B)

-100

| |
100 0 50 100 0 100

100 150
X X X X

Figure 2. Density contours and distribution of plasma f for model RUN1.

The density distribution reveals subtle variations along the equatorial plane, indicat-
ing different stages of departure from perfect equatorial symmetry, which was observed
for model RUNO. The influence of magnetic stresses on the flow dynamics is apparent on
the shock location and structure of the post-shock region. The shock front exhibits mild
distortions and asymmetry, particularly noticeable in the third column of Fig. 2. The corre-
sponding plasma B distribution, shown in the bottom row, indicates that although the flow
remains gas-pressure-dominated (B > 1), the structure appears turbulent with some voids
of low-density regions in the post-shock disk. This is mainly attributed to the temporal
behavior of the shock front. The magnetic field accumulated near the post-shock region
tends to push the shock surface outward, while the inflowing matter exerts an opposing
ram pressure that drives it inward toward the accreting center.

To illustrate how these competing effects contribute to the destabilization of the shock
front, we examined the temporal evolution of the shock location on the equatorial plane, as
shown in Fig. 3. The shock exhibits clear oscillatory behavior over time. For comparison,
we also show the temporal variation in the shock front for model RUNO, in which the shock
remains completely stable, displaying negligible changes in its position throughout the
simulation.

In model RUN2, the shock front is displaced farther out, as shown in the top panels of
Fig. 4. The structure of the post-shock region differs noticeably from that in RUNO, with the
mean shock location occurring at significantly larger radii. In the bottom row, we show the
magnetic field lines. The accreting material pulls the field lines inward as it falls. However,
the rotating flow does not extend into the region close to the axis; the field lines there largely
preserve their initial vertical configuration. Additionally, a comparison with Figs. 2 and
1 shows that, in this case, the post-shock region becomes more vertically extended, even
though the associated density jump is not particularly large. The bottom row shows that
there are some regions confined close to the equatorial plane where plasma f reduces to
the values of 1-10. The time series for the location of the shock front plotted in Fig. 3 shows
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t(ty)

Figure 3. Temporal variation in the shock front position for different simulation runs, as indicated in
the labels.

t=4.00 x 10* t=6.00 x 10* t=8.00 x 10* t=28.50 x 10*

2.745
2.353
1.961
1.569
1.177
0.785
0.393
0.002
—0.390
—0.782

log1o(p)

4.819
4.216
3.613
3.010
2.407
1.804
1.201
0.598
—0.005
—0.608

log10(B)

1000 25 50
X X

Figure 4. Same as Fig. 2 but for model RUN2. Magnetic field lines are plotted in the bottom panel.

that the oscillation amplitude of the shock front increases, while the oscillation frequency
decreases. This reduction in frequency is a consequence of the larger size of the post-shock
region, which lengthens the dynamical timescale of the shock oscillations.

Finally, regarding the evolution of model RUN3 with By = 10%, the morphology of
the accretion flow undergoes a significant transformation, as shown in Fig. 5; we do not
see the formation of a steady shock in this case. The magnetic field becomes dynamically
dominant, and in the inner regions we see the formation of turbulent structures with lower
plasma . The equatorial symmetry seen in previous runs is largely disrupted, giving rise
to asymmetric structures, as seen in the second and fourth columns of Fig. 5. Moreover, we
observe that a fraction of the accreting matter is pushed outward from the vicinity of the
black hole, a behavior primarily attributed to the enhanced magnetic pressure in the inner
accretion region.

In Fig. 6, the angular momentum distribution at different times is shown for models
RUN2 and RUN3. In model RUN3, we observe clear signatures of large-scale angular momen-
tum transport away from the equatorial plane. Similar behavior was reported by Debnath
et al. [47], where such redistribution was driven by viscous stresses within the disk. In the
present case, however, no explicit viscosity is included in the simulations; consequently, an-
gular momentum transport occurs through Maxwell stresses and, where present, Reynolds
stresses associated with turbulent motions, rather than through viscous stresses.
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t = 15000.00 t =25000.00 t = 35000.00 t =43500.00
T i H H

2.745
2.353
1.961
1.569
1.177
0.785
0.393
0.002
—0.390
—0.782

log10(p)

75

4.819
4.216
3.613
3.010
2.407
1.804
1.201
0.598
—0.005
—0.608

log10(B)

75 1000 25

Figure 5. Same as Fig. 2 but for model RUN3.

In contrast, model RUN2 shows no comparable large-scale vertical gradients; the angu-
lar momentum remains highest within a well-confined disk region. To check this, we also
examined the MRI quality factor Q [87] for these models and confirmed that it is sufficiently
resolved in RUN3 (Q > 30), whereas in RUN2 it remains lower (Q < 10 in the disk regions).
The laminar nature of the accretion flow and the low value of Q are similar to those found
in the Standard and Normal Evolution (SANE) model of accretion [66,88]. The absence
of extended angular momentum transport in RUN2 suggests that the magnetic field is not
strong enough to drive significant angular momentum transport, but the magnetic pressure
and tension forces are sufficient to introduce an imbalance in the net forces, which drives
the observed shock oscillations.

t = 40000.00 t = 60000.00 t = 80000.00 t = 85000.00
1.74950
1.73844
1.72739
1.71633

N 1.70528 <
1.69422
1.68317
1.67211
1.66106
1.65000
RUN3
t = 20000.00 t = 35000.00 t= 39000 00 t = 43500.00

1.9523
1.9020
1.8518
1.8015
1.7513 <
1.7010
1.6508
1.6005
1.5503
1.5000

Figure 6. Snapshots of the angular momentum distribution for models RUN2 and RUN3.

3.3. Effect of Shock Oscillation

The post-shock region is hotter and denser in comparison to the pre-shock region;
hence it emits high-energy photons [14]. The oscillations in shock location are expected to
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be reflected in the emitted radiation. We investigate this effect by analyzing the time series
of luminosity calculated for different sets of simulations. We estimate the bremsstrahlung
and synchrotron losses through a posteriori calculations as the representation of radiative
processes in the accretion disk. The emissivity resulting from bremsstrahlung (measured in
erg cm 3 s71) is described by [84] and given as,

Qb = 14 x 1072 J/T, (1 144 % 10*10Te) (12)
and the emissivity due to the synchrotron (in erg cm =3 s~ 1) is given by [89],

1662 [ eB \? kpTe 2
stn_?)c(mec) (me(:Z) Mle (13)

At any time f, the total luminosity is the volume integral of the emissivities given as

L= [(Qun+Qu)dV (14

We obtain the luminosity profiles for a black hole mass, M = 10M. To calculate the density,
we assume an accretion rate M = 0.1 Mg, where Mpg; = 1.44 x 1017(M/M®)g/s is the
Eddington accretion rate. The density at the outer boundary (taken as p = 1 in code units)

can be computed in physical units using the relation p = M/ (47 vin]-r%n jcosA), with A being
the half-angular extent of the disk. We use the single-temperature assumption to calculate

. _ _ pmp
electron and ion temperatures T, = T), = Ry

The oscillatory behavior of the shock front is directly imprinted on the luminosity
of the accretion flow. In the top panels of Fig. 7, we present the time evolution of the
bolometric luminosity for models RUN1 (left) and RUN2 (right), with the corresponding
power density spectra (PDS) shown in the lower panels. Model RUN1 displays much more
rapid luminosity fluctuations than RUN2, consistent with the faster shock oscillations in
that model. A shock forming closer to the black hole heats the post-shock region more
efficiently than one located farther out; thus, outward excursions of the shock naturally
produce lower-luminosity phases, giving rise to the observed maxima and minima.
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Figure 7. Time series of luminosity in units of (ergs~!) and corresponding power spectra for model
RUN1 (left column) and RUN2 (right column).

In model RUN2, the luminosity varies more slowly, with well-separated peaks and
troughs, though small-scale fluctuations remain superimposed on the broader modulation.
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To identify QPOs associated with these variations, we computed the PDS of the luminosity
signal, shown in the bottom panels. The PDS of RUN1 exhibits two prominent peaks near
10 Hz and 2 Hz. Additional features appear at 15 Hz and 18 Hz, but with power at least
an order of magnitude lower than the low-frequency peaks. For model RUN2, the slower
luminosity modulation produces a QPO at 0.75 Hz.

These results demonstrate that oscillating shock fronts can naturally generate QPOs
over a range from sub-Hz to a few tens of Hz, depending on the mean location of the shock.
Oscillations occurring closer to the black hole are faster and lead to rapid luminosity varia-
tions, whereas outwardly displaced shocks have longer dynamical timescales, reducing the
characteristic oscillation frequency.
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Figure 8. Variation in luminosity for RUN3 in top panel and bottom panels show equatorial plane
profiles of Mach number and density plotted at time stamps mentioned in legend.

The time series of luminosity for model RUN3 is shown in Fig. 8. In this case, no
steady shock forms throughout the simulation, and as a result, the bolometric luminosity
remains noticeably lower than in models RUN2 and RUN1. This reduced emission reflects
the absence of a persistent post-shock region capable of sustained heating. Although no
stable shock is present, we do observe transient shock structures that momentarily appear
in the flow and produce brief luminosity spikes. The bottom panel of Fig. 8 displays the
radial profiles of Mach number and density, confirming the formation of these intermittent
shocks; the corresponding spikes in luminosity are marked using matching colors. For
comparison, profiles from epochs without any shock are also plotted, corresponding to the
low-luminosity states.
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Figure 9. Density distribution for 3D simulation of RUN1.

Because these shock episodes are sporadic and short-lived, they fail to produce any
coherent or quasi-periodic modulation. Consequently, the luminosity curve shows no
well-defined oscillatory behavior. This outcome is fully consistent with expectations: in the
absence of a stable shock oscillation region, the characteristic timescales required for QPO
formation do not arise, leading instead to a predominantly low-luminosity, weakly variable
state punctuated only by occasional, short-duration enhancements by a factor of 2-3.

3.4. Three-Dimensional Simulation

Recently, Garain and Kim [38] demonstrated that in three-dimensional simulations
the post-shock region can develop a standing accretion shock instability (SASI), triggered
under the influence of non-axisymmetric perturbations. Motivated by this result, we
performed fully three-dimensional simulations for model RUN1. We do not impose any
external perturbations as in our magnetized setup, the shock already undergoes intrinsic
oscillations driven by magnetic pressure, which can naturally seed non-axisymmetric
structure. Such features would be suppressed in two-dimensional simulations because of
the enforced axisymmetric boundary conditions. The three-dimensional density structure,
displayed at two separate time stamps, is shown in Fig. 9. The structure is visualized using
slices taken at the planes z = 0 and y = 0. Due to the non-zero angular momentum of
the flow, the region surrounding the polar axis contains very little matter. The density
profiles shown at two different times indicate variations in the post-shock region, driven by
oscillations in the shock front; however, the disk retains an overall symmetric structure.

The comparison of shock oscillation with the 2D run shown in Fig. 10 highlights that
the oscillation frequency is almost similar but the shock amplitude differs in comparison to
the 2D run.

We also calculate the effective viscosity parameter from Maxwell and Reynolds
stresses.

The Reynolds stress is computed from velocity fluctuations:

TReynolds =0 o U:p/ (15)
where the fluctuating velocities are defined as

v, = v — (Ur)g, g = 0p — (Vg)g- (16)
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Here, (-)¢ denotes an azimuthal average at fixed (7, 6).
The Maxwell stress is computed directly from the components of the magnetic field:

B:B
T’%[axwell - _ 4"7-[47' (17)
The total ¢ component of the stress is
Tpp = TMxwell . pevnolds, (18)
and the Shakura—-Sunyaev viscosity parameter is
T
Ngg = %‘P. (19)
To characterize radial profiles, we extract «, Trl\(gaxweu, and Trljpeymlds along the equatorial
plane (6 = 71/2). We further average over the azimuthal angle ¢:
1 27
ass(r) = E/o a(r,0 =rm/2,¢)dp, (20)

The radial variation of «ss is plotted in the right panel of Fig. 10. The maximum value of &
is of the order of 10~2. Some negative spikes appear in the a distribution as a result of local
turbulent fluctuations. Since model RUN1 has a low magnetic field, the expected « values
are relatively small. As the accretion is advection-dominated, any small-scale fluctuations
will be advected towards the inner region before they can grow and lead to a turbulent state
that enhances angular momentum transport; hence the outer regions of the disk (r > 10r¢)
show a very low value of a. In contrast, models with higher magnetic fields, such as RUN3,
exhibit more turbulent behavior in 2D simulations, as the enhanced magnetic pressure also
works against gravity and slows down the infalling matter. This leads to a longer infall
timescale, allowing for growth of turbulence, and the dynamical behavior resembles that of
cases with higher-viscosity models, such as those of Debnath et al. [48].
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Figure 10. (Left panel) Comparison between shock positions in the 2D and 3D runs. The (right panel)

shows the radial variation in the viscosity parameter.

We also performed a 3D simulation for RUN3 in order to explore whether the flow
shows turbulent behavior in 3D. The density and pressure distributions for the simula-
tions are plotted in Fig. 11. The equatorial snapshot reveals a rotationally supported disk
characterized by a dense, high-pressure inner region and tightly wound spiral features,
which fragment into irregular, clumpy, over-dense, and filamentary features, indicating
turbulent mixing rather than a steady, symmetric spiral pattern. Small-scale density in-
homogeneities and pressure fluctuations are mostly confined within the inner regions of
the disk. The meridional slice likewise departs from bilateral symmetry; the polar cavities
show uneven opening angles, patchy density structures, and localized knots, implying
intermittent, anisotropic mass loading and turbulent entrainment along the funnel walls.
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These features were not present in the weakly magnetized case RUN1, which evolved as a
steady, symmetric configuration.

To obtain a quantitative measure of turbulence driven by magnetically mediated processes,
we present radial profiles of the Reynolds stress, Maxwell stress, and effective viscosity
parameter in Fig. 12. The first panel shows that the Maxwell stress consistently exceeds,
or closely follows, the Reynolds stress at small radii, indicating that correlated magnetic
field fluctuations dominate the outward transport of angular momentum, as expected for
magnetorotationally driven turbulence. Both stress components decrease rapidly with
radius, marking the transition from a highly turbulent inner disk to a more diffuse, nearly
laminar outer flow. The second panel shows that agg attains values of order unity in the
innermost region, significantly larger than those in Fig. 10, where the flow exhibits no clear
signatures of turbulence.

t=24000.00 t=24000.00

1.761 1.761

1.510 1.510

1.259 1.259
. 1.008 _ 1.008 _
& CY
> 0756 = 0756 2
= o
g g

0.505 0.505

0.254 0.254

0.003 0.003

-0.249 -0.249

~0.500 ~0.500

0.000 0.000

40

~0.302 -0.302

< -0.603 -0.603

20 -0.905 -0.905
-1.206 _ -1.206 _
< %
> -1.508 2 -1.508 2
a a
o o

~1.809 ~1.809

~20 -2.111 -2.111

-2.412 -2.412

-2.714 -2.714

X

Figure 11. Density and pressure distributions from the 3D simulation of RUN3, shown in the equatorial
plane (left column) and meridional plane (right column).
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Figure 12. (Left panel) Variation in Reynolds and Maxwell stress for RUN3; the (right panel) shows the
radial variation in the Shakura-Sunyaev viscosity parameter.

4. Discussion and Conclusions

In this study, we explored the behavior of transonic accretion solutions in the magne-
tized regime. We performed ideal magnetohydrodynamic (MHD) simulations of accretion
flows around a non-rotating black hole using a pseudo-Newtonian potential. The injec-
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tion parameters for our simulations were derived from steady-state analytical transonic
solutions, ensuring consistency between the numerical and analytical frameworks.

Our results demonstrate that accretion flows around black holes can form standing
shock fronts as a consequence of the centrifugal barrier experienced by the inflowing
matter. We then investigated the evolution of these shocked solutions under the influence
of magnetic fields. By fixing the hydrodynamic parameters and systematically varying the
magnetic field strength, we were able to study the effect of magnetic forces in a controlled
manner. The introduction of magnetic fields produces significant modifications in the
overall morphology and dynamics of the flow. Magnetic pressure and tension forces act
to distort the shock surface, leading to a more irregular and time-dependent structure
compared to the purely hydrodynamic case. Starting with very weak magnetic fields
we showed that the global structure of the disk is preserved but the shock front starts
to oscillate. As we increase the strength of the magnetic field, the magnetic pressure
becomes comparable to the gas pressure, and the shock front exhibits fragmented behavior.
The corresponding density and pressure distributions become increasingly asymmetric,
indicating the development of magnetically driven instabilities.

Our results suggest that magnetic fields can destabilize an otherwise steady hydro-
dynamic shock configuration. Since the shock front compresses the inflowing matter and
generates a hot, dense post-shock region, it naturally creates a boundary between the cold
pre-shock and hot post-shock flows. Consequently, any temporal variations in the position
or stability of the shock are expected to manifest as variability in the observed luminosity.
This effect was reflected in the simulated bolometric luminosity, where temporal fluctu-
ations trace either the periodic or the transient nature of the shocks, depending on the
strength of the magnetic fields.

Although in this study we have used a pseudo-Newtonian potential to approximate
the gravity of a non-rotating black hole, we expect the qualitative behavior of the flow to
remain similar in the full general relativistic regime for a Schwarzschild black hole. The
Paczynski-Wiita potential effectively captures a significant portion of the parameter space
of transonic and shocked solutions when compared with fully relativistic treatments [8].

In the present study, we investigated the stability of shocked solutions by imposing a
magnetic field on a flow obtained from a non-magnetized solution. However, analytical
studies by Mitra and Das [90] have demonstrated that steady-state solutions can also
be derived self-consistently within the GRMHD framework. For the future work, we
plan to extend this study by including black hole rotation and full general relativistic
magnetohydrodynamic (GRMHD) effects to account for frame-dragging and enhanced
magnetic coupling near the event horizon.

Furthermore, incorporating radiative cooling processes and more realistic equations
of state will allow a more direct connection between these simulations and observable
properties, such as spectral variability and quasi-periodic oscillations (QPOs). Although
these effects are significant, they are beyond the scope of this study and will be explored in
future work, with results to be reported separately.
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Appendix A One-Dimensional Simulation

In numerical simulations, the formation of shocks critically depends on the proper
satisfaction of the Rankine-Hugoniot jump conditions. Since shocks inherently generate
entropy, their accurate capture and resolution are sensitive to numerical resolution. If the
numerical dissipation is large, the code will miss the shock jump. To determine an optimal
setup, we performed a one-dimensional simulation to reproduce the analytical solution.
Under the steady-state hydrodynamic approximation, we impose /9t = 9/90 = d/d¢ = 0.
We further assume purely radial inflow, i.e., v9 = 0, and neglect magnetic fields (B = 0).
Applying these assumptions to the hydrodynamic conservation equations and performing
the necessary algebraic manipulations, the radial velocity gradient can be expressed as

26? )\2 dCDpW
do, 5 TF T T4
_ _Tr r r (Al)

dr cg !
vy — =
Oy

where A = rvy denotes the specific angular momentum and c; is the adiabatic sound speed.
For a conical flow geometry, we adopt a constant mass accretion rate given by

M = —45tcos by r’pv,, (A2)

where 0 represents the co-latitude of the flow. Combining the mass conservation equa-
tion with the radial momentum and energy equations, one obtains a conserved quantity,
commonly referred to as the Bernoulli parameter [12,86,91], which can be written as

c2 A2

- S 7
€= 2 +’y—1+2r2

+ @py (7). (A3)

This quantity represents the specific total energy of the flow. For prescribed values of
the specific angular momentum A and the Bernoulli parameter £, equation (A1) can be
integrated to obtain transonic accretion solutions (see, e.g., [12,47,86,92,93]). As discussed
in the Introduction, a global transonic advective accretion solution can admit multiple sonic
points. Within a specific region of the specific energy (£)-angular momentum (A) parameter
space, such solutions may also exhibit standing shock waves if Rankine-Hugoniot jump
conditions are satisfied. The mathematical formulation for the shock jump conditions of
these solutions has been extensively discussed in earlier works. The region of the £-A
parameter space that allows multiple sonic points and shock formation in inviscid accretion
flows is illustrated in Fig. 2 of Debnath et al. [47]. It is evident from this parameter space
that, for a fixed value of £, shock solutions appear only beyond a critical value of A. As
A is increased while keeping £ fixed within the shock-permitted region, the centrifugal
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Figure A1. Comparison between one-dimensional simulation and analytical solution.

barrier becomes stronger, causing the shock location to move farther away from the black
hole. From this parameter space, we select one representative shock solution with flow
parameters (£,A) = (0.005,1.75), which analytically exhibits a shock transition at a radial
location ¥ = 9.5, as shown in Fig. Al.

The results of this comparison are shown in Fig. A1, where we plot the radial profiles

of the absolute radial velocity v;, specific angular momentum A, temperature ® = p/p,
and Mach number. The simulation results correspond to a resolution of N, = 200. The
comparison demonstrates that the shock is captured efficiently within approximately three
grid cells. The code also preserves angular momentum very accurately. Although a minor
discrepancy in the shock location is present, the solution was found to be stable.
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