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Abstract: The relativistic jets of gamma-ray bursts (GRBs) might be powered by a black-hole
(BH) hyperaccretion system. The inherent asymmetry in these jets generates recoil forces,
inducing oscillations and positional deviations of the BH from equilibrium. In this study, we
explore the influence of different initial BH mass, spin, and mass accretion rate, as well as their
evolutions on the dynamical properties of BH under the effect of asymmetric jets. Our results
reveal that the initial mass and accretion rate significantly impact the BH’s acceleration, velocity,
and displacement, while the different initial spin plays a negligible role in shaping the overall
dynamical evolution. Additionally, we calculate the gravitational wave (GW) strains associated
with the asymmetric jets, finding that the resulting GW signals are too weak to be detected,
even for nearby GRBs. These findings provide critical insights into the dynamical response of
BHs to asymmetric jets and the associated GW radiation, advancing our understanding of BH
physics in GRBs.
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1. Introduction
On 17 August 2017, the gravitational wave (GW) event GW170817 was detected by

aLIGO and Virgo, followed by the identification of its electromagnetic counterparts through
subsequent observations [1]. This joint detection of GWs and electromagnetic signals marked
the dawn of the multimessenger astronomy era. This breakthrough has significantly influence
diverse research fields, including gravitational physics, cosmology, high-energy astrophysics,
and nuclear physics.

Gamma-ray bursts (GRBs) arise from massive collapsars and compact object mergers, often
associated with core-collapse supernovae (CCSNe) and kilonovae, respectively [1–6]. GRBs
evolve through three stages: (1) the collapse of massive stars or the merging of compact binaries
leads to the formation of the “central engine”, maybe consisting of a black hole (BH) surrounded
by a hyperaccretion disk; (2) the central engine generates intermittent ultra-relativistic jets; and
(3) energy dissipation within these relativistic jets produces prompt gamma-ray emission and
multi-band afterglows. It is widely believed that these jets are powered either by the Blandford–
Znajek (BZ) process [7] or by the neutrino annihilation process [8–11] of the central engines.
However, distinguishing between these two mechanisms based solely on electromagnetic
observations remains challenging. Multimessenger radiation can offer complementary insights
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into the same astrophysical sources, addressing limitations inherent to studying these events
through a single channel.

The prompt phase-light curves of GRBs are frequently variable and irregular [2,12,13],
reflecting the inherently inhomogeneous activity of the central engine. This variability arises
from several factors: (1) accretion instabilities, where fluctuations in the accretion rate onto the
BH generate intermittent jets [2]; (2) magnetic processes, such as reconnection events in the
accretion disk or jet, releasing energy sporadically [13]; and (3) feedback mechanisms, where
energy released by the jet interacts with the surrounding material, creating a feedback loop
that enhances variability [14]. In a BH hyperaccretion scenario, it is reasonable to assume that
random asymmetric jets may be irregular in direction, luminosity, or morphology, rather than
being neatly collimated and symmetric along the rotational axis, and are generated during the
accretion process or the interaction with the ejecta, envelopes, and circumstellar environment.
GWs can be produced during GRB events in three distinct phases. The first phase involves
GW radiation generated during the formation of a compact object, typically associated with
compact binary mergers or collapsar events. In this phase, the asymmetric collapse of a massive
star or the merger of two compact objects results in GWs that carry away angular momentum
and energy, potentially detectable by future GW detectors [15–19]. The second phase arises
from the acceleration of relativistic ejecta, which occurs during the GRB’s central engine activity.
As the ejecta is accelerated to ultra-relativistic velocities, gravitational radiation is emitted due
to the high velocities and complex dynamics of the system [20–23]. The third is from the central
engine [11]. GWs can also be emitted when asymmetric bipolar jets exert a net recoil force on
the central BH. In this work, we investigates the production of GWs triggered by asymmetric
jets in GRBs and explores the dynamic activities of central BH.

This paper is organized as follows. In Section 2, we explore models of BH hyperaccretion
systems with asymmetric jets and their role in GW production in GRBs. In Section 3, we present
the results on the dynamical properties of BH hyperaccretion systems, focusing on variations
in the initial BH mass, spin, and mass accretion rate, as well as the gravitational radiation
generated by asymmetric jets. A brief summary is given in Section 4.

2. Model
A GRB event typically emits asymmetric jets. The luminosity of the jet directed towards

Earth is denoted as Ljet(t), while the luminosity of the jet propagating in the opposite direction
is expressed as L

′
jet(t). The asymmetry in the jet luminosities can be quantified as [24]

∆Ljet(t) = Ljet(t)− L
′
jet(t) = ϵ(t)Ljet(t), (1)

where ϵ(t) represents the asymmetry factor. We assume random variations within ± 10% of
ϵ(t) at each point in time which is a random integer multiple of 0.001 s as well as the typically
minimum timescales of the GRB pulses. ±10% of ϵ(t) corresponds to the typical amplitude
difference of GRB light curves. Following Kumar et al. (2008) [25], we expect Ṁ to decline
approximately as ∼ t−0.3 in the scenario of massive collapsars. Then, using the fitting formula
of neutrino annihilation luminosity in Popham et al. (1999) [8], we can obtain the luminosity of
the jet, starting with an initial value of Linitial and decaying over time, which can be expressed as

Ljet(t) = Linitial(
t

tstart
)−

5
3 . (2)



Universe 2025, 11, 43 3 of 10

The jet luminosity can be roughly considered as the initial neutrino annihilation luminos-
ity, which is related to the mass accretion rate by Linitial = ηṀinitialc2, where η = 0.001 [9].
Consequently, this asymmetry induces a recoil force on the central compact object, given by

F(t) =
ϵ(t)Ljet(t)

c
, (3)

where c is the speed of light. The recoil force generated by the random variations in luminosity
asymmetry of GRBs significantly affects the dynamical properties of the BH. The recoil force
exhibits random oscillations with both positive and negative values, stabilizing around zero as
the luminosity decreases. Consequently, the BH eventually reaches a steady state with minor
random fluctuations. The corresponding acceleration of the BH can be expressed as [26]

a =
F(t)
M

=
ϵ(t)Ljet(t)

Mc
, (4)

where M is the BH mass. The velocity and displacement are then derived by integrating the
acceleration, where v⃗ =

∫ t
t0

a⃗ dt and d⃗ =
∫ t

t0
v⃗ dt, and t0 corresponds the initial states. The BH

mass evolves with time due to mass accretion and is described by [26]

dM
dt

= Ṁems, (5)

where Ṁ is the mass accretion rate of the BH, which starts with an initial value of Ṁinitial and
correlates with time, which determines the evolution of the jet luminosity.

The BH spin parameter, a∗, is defined as [26]

a∗ =
cJ

GM2 , (6)

where J represents the angular momentum of the BH. The angular momentum also evolves
with the mass accretion rate, as given by [26]

dJ
dt

= Ṁlms. (7)

Here, ems and lms are the specific energy and angular momentum at the marginally stable orbit,
respectively, defined as

ems =
1√

3rms
(4 − 3a∗√

rms
), (8)

and
lms = 2

√
3

GM
c

(1 − 2a∗
3
√

rms
), (9)

where rms is the radius of the marginally stable orbit, given by

rms = 3 + Z2 − [(3 − Z1)(3 + Z1 + 2Z2)]
1/2, (10)

where
Z1 = 1 + (1 − a2

∗)
1/3[(1 + a∗)1/3 + (1 − a∗)1/3], (11)

and
Z2 = (3a2

∗ + Z2
1)

1/2. (12)
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Using the above equations, the evolution of the BH spin parameter can be derived as [26]

da∗
dt

= 2
√

3
Ṁ
M

(1 − a∗√
rms

)2. (13)

For the BH-disk system, although the weak gravitational field and Newtonian limit are
invalid, the BH is approximated as a bulk object and treated dynamically similar to the NS-disk
system. By simulating the waveform under trace-reversed metric perturbation and using
the same formalism as for the NS-disk case, the GW amplitude is estimated approximately,
providing a rough calculation without requiring a full relativistic treatment [24,27]. The
amplitude of GWs for the BH-disk case can be estimated as

h ∼ GR
c4D

(
ϵ(t)Ljet(t)

c

)
, (14)

where D = 10 kpc represents the distance between the wave source and Earth, and R denotes
the radius of the BH’s outer horizon [10]. The expression for R is given by

R =
GM
c2

(
1 +

√
1 − a2∗

)
. (15)

We explore the dynamical properties of BHs and the gravitational strains that arise in the
asymmetric jets. From the BH’s mass and the net luminosity of the jet, we can calculate the
acceleration, velocity, and displacement of the BH relative to equilibrium. Furthermore, the
initial conditions of the BH’s mass, spin, and mass accretion rate affect the BHs’ dynamical
properties and their gravitational radiation emission.

3. Results
The results presented in this section were derived through analytical modeling and

numerical calculations. The evolution of the BH’s dynamical properties under the influence of
random asymmetric jets was modeled using the motion equations derived above.

3.1. The Effect of Initial Mass Accretion Rates

To explore the effects of different initial mass accretion rates on the BH properties, we
consider 1, 5, and 10 M⊙ s−1. While accretion rates beyond 10 M⊙ s−1 are not explored in this
study, they may be excluded due to physical constraints inherent to GRB progenitor systems or
the limitations of the numerical models employed. For context, GRBs arising from collapsar or
compact binary merger scenarios are generally expected to exhibit accretion rates within this
range [8]m where the initial BH mass and the spin parameter are 3 M⊙ and 0.5, respectively.
As shown in Figure 1, at a low accretion rate of 1 M⊙ s−1 (blue curve), the BH experiences
minimal oscillations in acceleration, velocity, and displacement. The acceleration, velocity, and
displacement remain nearly constant at zero, indicating weak recoil forces and stable dynamical
properties, maintaining the BH close to its equilibrium position. At a middle-point accretion
rate of 5 M⊙ s−1 (red curve), the acceleration exhibits pronounced oscillations during the early
phase (t ≲ 0.5 s), driven by the increased asymmetry in the jet luminosity. These oscillations
gradually decay over time. The velocity undergoes significant fluctuations, reflecting the strong
recoil forces acting on the BH, before stabilizing to an approximately constant value. The
displacement indicates a noticeable positional shift due to the recoil effect. At a high accretion
rate of 10 M⊙ s−1 (yellow curve), the dynamic impact is further amplified. The acceleration
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exhibits the largest oscillation amplitude, particularly in the early phase (t ≲ 0.5 s), as the jet
asymmetry becomes more pronounced. This leads to strong velocity oscillations, whose peak
has a higher value compared to the moderate accretion rate. The displacement reaches its
maximum value, with a rapid increase during the early phase, showing the strongest recoil
effect among the three scenarios.
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Figure 1. The dynamic properties of the BH with different initial mass accretion rates of 1, 5, and 10
M⊙ s−1, an initial mass of 3 M⊙, and a spin parameter of 0.5.

Overall, as Ṁinitial increases, the asymmetric luminosity-driven recoil force intensifies,
resulting in more significant fluctuations in acceleration and velocity during the initial stages
and the greater displacement of the BH from its equilibrium position during the early phase.
These results highlight the critical role of the accretion rate in shaping the dynamical properties
of BHs.

3.2. The Effect of Initial Spins

The dynamical properties of the BH under different initial spin parameters (a∗initial)—0,
0.5, and 0.9—reveal the minimal influence of spin on the BH’s acceleration, velocity, and
displacement, where the initial BH mass and initial mass accretion rate are 3 M⊙ and 5 M⊙ s−1,
respectively. As shown in Figure 2, the acceleration (a) exhibits oscillatory behavior during the
early phase (t ≲ 0.5 s) due to asymmetric jet luminosity. However, the amplitude and frequency
of these oscillations remain consistent across all spin values, stabilizing to near zero over time
(t > 1.5 s). Similarly, the velocity (v), derived by integrating the acceleration, follows a uniform
trend for all spins, showing initial fluctuations before settling to a constant negative value.
Consequently, the displacement (d), obtained from the velocity, exhibits a linear decrease after
the initial oscillatory phase, with no significant divergence in the trajectories for different spin
values. The inset plot highlights the early evolution of displacement, confirming that variations
in ainitial do not significantly affect the BH’s positional dynamics. These results suggest that
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the BH with different initial spin exerts only a negligible influence in shaping recoil processes
during GRBs, given the very quick evolution of the BH spin for the hyperaccretion case.
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Figure 2. The dynamic properties of the BH with different initial spin parameters, specifically a∗initial = 0,
0.5, and 0.9, while its initial mass and initial mass accretion rate are 3 M⊙ and 5 M⊙ s−1, respectively.

3.3. The Effect of Initial Mass of the BH

The dynamical properties of BHs under varying initial masses (Minitial = 3, 5, and 10 M⊙)
with an initial mass accretion rate and a spin parameter are 5 M⊙ s−1 and 0.5, respectively,
demonstrating the significant influence of mass on their response to asymmetric jet luminosity,
as shown in Figure 3. The acceleration (a) exhibits oscillatory behavior in the early phase (t ≲
0.5 s) due to the recoil force. Lower-mass BHs experience larger oscillation amplitudes, while
higher-mass BHs show smaller amplitudes, reflecting the inverse relationship between mass
and acceleration for a given recoil force. The velocity (v), derived from the acceleration, also
shows mass-dependent behavior: BHs with lower masses exhibit larger velocity fluctuations
and reach a more negative steady-state value compared to higher-mass BHs, which have
reduced velocity amplitudes due to greater inertia. Similarly, the displacement (d), calculated
by integrating the velocity, indicates that lower-mass BHs experience greater positional shifts,
while higher-mass BHs exhibit more modest displacements, as highlighted in the inset.

Notably, differences in the initial BH mass affect only the magnitude of the dynamical
parameters (acceleration, velocity, and displacement) and do not influence their temporal
evolution trends. Since the initial luminosity is directly related to the mass accretion rate, the
time-dependent change in luminosity remains consistent across the three cases. Consequently,
the recoil force exhibits a similar trend over time for each scenario.

These results emphasize that the initial mass of the BH is a critical parameter in determin-
ing its dynamic response. Lower-mass BHs are more susceptible to recoil-induced acceleration,
velocity changes, and positional shifts, whereas higher-mass BHs resist such effects due to
their larger inertia. This study highlights the fundamental role of BH mass in modulating the
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observable dynamical properties of GRB systems and provides key insights into the recoil
processes driven by asymmetric jet luminosity.
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Figure 3. The dynamic properties of the BH with different initial BH masses (Minitial = 3, 5, and 10 M⊙),
an initial mass accretion rate of 5 M⊙ s−1, and a spin parameter of 0.5.

3.4. GW Production in BH Hyperaccretion System with Asymmetric Jets

The GW amplitude generated by a BH–disk system exhibits significant variation depend-
ing on the initial mass accretion rate (Ṁinitial = 1, 5, and 10 M⊙ s−1), where the initial BH mass
and the spin parameter are 3 M⊙ and 0.5, respectively, as shown in Figure 4. GWs are produced
by the expansion and compression of space–time caused by the acceleration of a massive object,
such as a BH, with the recoil force arising from asymmetric jet luminosity playing a key role in
the process. At a low accretion rate (1 M⊙ s−1), the GW amplitude remains nearly zero, reflect-
ing negligible jet asymmetry and weak or undetectable GW signals. The maximum amplitude
of the peaks for this accretion rate is 9.0 × 10−27. For a moderate accretion rate (5 M⊙ s−1),
the GW amplitude exhibits noticeable oscillations during the early phase (t ≲ 1 s), driven
by jet asymmetry and the corresponding dynamic recoil forces. These oscillations diminish
over time, and the amplitude stabilizes near zero as the jet luminosity decays. The maximum
amplitude of the peaks in this case is 2.0 × 10−26. At a high accretion rate (10 M⊙ s−1), the GW
amplitude displays the largest initial oscillations and sharp peaks, reaching up to 6.4 × 10−26,
reflecting enhanced jet asymmetry and stronger recoil forces. However, such a signal remains
challenging to detect with current gravitational wave observatories. Over time, the oscillations
gradually subside, and the amplitude stabilizes.

The oscillatory behavior of the GW amplitude closely follows the evolution of the recoil
force, as the two are proportional. Higher accretion rates produce stronger and more pro-
nounced oscillations in the GW amplitude due to greater jet asymmetry and recoil forces, while
lower accretion rates reduce recoil forces, and correspondingly smaller GW amplitudes. As the
accretion rate decreases further and approaches zero, the recoil force and acceleration nearly
vanish, resulting in negligible GW radiation. At this stage, the BH stabilizes dynamically, ex-
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hibiting only minor random fluctuations, and the jets become nearly symmetric. This symmetry
leads to the gradual decline and dissipation of GW radiation.
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Figure 4. The amplitude of GWs generated by asymmetric jets of BH hyperaccretion with varying initial
mass accretion rates 1, 5, and 10 M⊙ s−1, an initial mass of 3 M⊙, and a spin of 0.5.

These findings highlight the critical role of the accretion rate in shaping GW radiation and
the interplay between accretion dynamics, jet asymmetry, and recoil forces. Current GW detec-
tion observatories, such as LIGO, Virgo, and KAGRA, have sensitivities that can detect strains
on the order of 10−21 to 10−23 for typical sources like binary BH and NS mergers [18,28,29].
These limits are significantly higher than the predicted GW amplitudes from BH hyperaccretion
systems driven by asymmetric jets, which are on the order of 10−26. This provides valuable
insights into the detectability of GWs from BH–disk systems and their connection to GRBs, em-
phasizing the importance of jet and accretion-driven processes in the generation of observable
GW signals.

4. Summary and Conclusions
In this study, we investigated the dynamical properties of BH driven by asymmetric jets in

GRBs, focusing on the interaction and evolution of the mass accretion rate, luminosity, spin, and
initial mass. We examined how variations in these parameters affect the acceleration, velocity,
and distance of the BH. Our findings highlight that random fluctuations in both luminosity and
mass accretion rate induce complex, oscillatory motion in the BH trajectory, with stabilizing
effects as the accretion rate decays over time. Additionally, we demonstrated that the initial
mass of the BH plays a critical role in determining the magnitude of its acceleration, while
variations in spin have minimal impact on long-term dynamics.

Furthermore, we explored the generation of GW radiation resulting from the accelerated
motion of the BH. The amplitude of the wave radiation, directly related to the recoil force, was
shown to depend on the mass accretion rate and luminosity. As the accretion rate decreases,
the intensity of GW emission also declines, ultimately leading to a near-stable BH state with
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minimal GW production. This study provides insights into the relationship between BH
dynamics and GW signals, contributing to the field of multi-messenger astrophysics.

Overall, this study enhances the understanding of BH dynamics in GRBs and offers
insights into the relationship between asymmetric jet-driven motion and GW generation. The
weak GW signal reflects the limited asymmetry and energy of these jets, contrasting with the
stronger emissions from binary mergers. Detecting such nearby faint signals would require
future detectors with enhanced sensitivity, such as the Einstein Telescope [30]. Our results
underscore the importance of mass accretion dynamics in shaping BH behavior and highlight
the potential for observing GW radiation from these processes with current and future detectors.
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