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Abstract: Jet precession is thought to be a ubiquitous phenomenon in astronomical events of various
scales, including gamma-ray bursts (GRBs). If GRB jets undergo precession, periodic features might be
introduced into their light curves. Detecting these periodic signals is therefore crucial for confirming
the properties of GRBs’ central engines. However, periodic signals are always missing from observed
GRB light curves. Against this backdrop, the broader effects of jet precession on GRBs have been
widely studied. In this review, we summarize recent research progress on jet precession in GRBs.
The main content focuses on four aspects of the effects of jet precession on GRBs: light curves, jet
structures, polarization, and gravitational waves.
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1. Introduction

In high-energy astrophysics, jets refer to narrow beams of matter and energy with
velocities close to the speed of light, and they are ubiquitous in astrophysical systems of
various scales, such as active galactic nuclei (AGNs), X-ray binaries, and gamma-ray bursts
(GRBs). Precession phenomena are expected to occur when there is misalignment between
the direction of the launched jets and the angular momenta of part of these systems.

Jet precession in AGNs, including blazars [1–6], quasars [7–9], and radio galaxies [10,11],
has been extensively studied over several decades. Observational evidence for the preces-
sion of AGN jets includes periodic signals in optical or radio light curves [12,13], periodic
variations in the position angle of outflow components [14–18], and the S- or Z-shaped
structures of large-scale radio jets [19–23], such as the clear S-shaped structure in the kpc-
scale jets of the blazar 5BZU J1345+5332 [24]. There are several prevalent mechanisms
driving jet precession in AGNs, including spin-induced precession [25–27], disk-driven
precession [28,29], and Newtonian-driven precession [30–33]. Spin-induced and disk-driven
precession are caused by the angular momenta of supermassive black holes (BHs) and
their accretion disks, respectively, and both are mainly considered in single supermassive
BH scenarios. Newtonian-driven precession arises from the rotation of an accompanying
supermassive BH, and it is considered in binary supermassive BH scenarios. Spin-induced
precession, also known as the Lense–Thirring precession effect [25], means that the frame
drag caused by a rapidly rotating BH, such as a Kerr BH, can cause a particle to precess
around the BH with its orbital plane inclined with respect to the equatorial plane of the BH.
Thus, if the angular momentum directions of the BH and the disk are misaligned, the jets
will precess. In addition, the Bardeen–Petterson effect is an extension of the Lense–Thirring
effect [26] involving a viscous accretion disk, where regions of the disk corresponding
to different radii are affected differently by the Lense–Thirring effect. Thus, under the
Bardeen–Petterson effect, the disk is warped, resulting in three distinct regions: the inner,
transition, and outer regions. The rotation axis of the inner region is aligned with the spin
axis of the BH, while the outer region retains the original rotation direction. Continuous
precession occurs in the transition region, since the rotation axis is misaligned with the spin
axis of the BH. Regarding disk-driven precession, the precession of a jet ejected from the
innermost disk can be driven by the massive outer disk because the angular momentum of
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the massive outer disk greatly exceeds the total angular momentum of the inner disk and
the central supermassive BH [28,29]. In Newtonian-driven precession, because the accretion
disk around the primary BH is inclined to the orbital plane of the binary, the orbital motion
of the companion BH can cause precession of the disk through dynamic torque, resulting in
precession of the jet launched by the disk [30,31]. In such cases, the period of jet precession
can reach thousands of years, which is usually used to explain the precession of large-scale
(Kpc or Mpc) jets. However, the specific precession mechanism eventually needed to explain
the precession phenomena in AGNs is determined not only by the precession period but
also by multidimensional information.

In X-ray binaries, the strongest observational evidence for jet precession comes from
the well-known SS433, whose jets change their orientation in space over a period of
162 days [34–36]. In addition, quasi-periodic oscillations (QPOs) observed in the emission
are also well explained by jet precession [37,38], as seen in MAXI J1820+070 [39].

The observational and theoretical studies of AGNs and X-ray binaries have been
explored in detail. Both involve BH accretion systems. Whether in AGNs or X-ray binaries,
within the framework of BH accretion, jet precession mainly depends on the BH mass and
spin, the accretion rate, and the type of accretion disk. Therefore, the mechanisms driving
jet precession in these phenomena are intrinsically identical. Since GRBs can be induced by
BH accretion systems, it is widely believed that GRB jets should also exhibit precession,
with precession mechanisms analogous to those in AGN and X-ray binaries.

In GRBs, observational images of jet precession, like those of radio jets in AGNs,
cannot be obtained due to the large distance, small scale, short duration, and precise
period signals of jet precession, as observed in the X-ray binary SS433, have yet to be
detected. Although convincing evidence has been consistently absent, GRB jet precession
is universally expected.

GRBs are extremely energetic events in the Universe, characterized by a sudden
and intense flash of gamma rays, releasing as much energy in a few seconds as the Sun
will release in its entire 10 billion year lifetime, with a typical isotropic energy of about
1050–1052 erg [40,41]. Based on the statistics of GRBs collected by the Burst and Transient
Source Experiment (BATSE), GRBs are classified into short and long GRBs depending
on whether or not their duration is greater than 2 s [42–44]. For a more physics-driven
classification, GRBs can also be divided into Type I and II GRBs [45]. In general, short GRBs
are thought to originate from the merging of compact objects [46], and the joint observation
of GW170817/GRB 170817A has confirmed that binary neutron star (NS) mergers are the
origin of short GRBs [47,48]. Long GRBs are thought to originate from the collapse of
massive stars, and some have been found to be associated with supernova explosions [49].
Independent of the progenitors, there are two types of central engines: a rapidly rotating
stellar-mass BH surrounded by an accretion disk [50] and a millisecond magnetar [51–53].
In a BH hyperaccretion scenario, the central engines can launch ultrarelativistic jets through
neutrino annihilation [54] or Blandford–Znajek (BZ) [55] mechanisms. The emission of
GRBs includes both prompt emission and afterglows. Prompt emission is generally thought
to be caused by energy dissipation from ultrarelativistic jets. Prevalent models of energy
dispersal include internal shock models [56–58], photosphere models [59,60], and magnetic
reconnection models [61]. Afterglows are believed to originate from the interaction between
the jets and the circumburst medium. For both, the dominant radiation mechanisms are
considered to be leptonic models, i.e., synchrotron emission, synchrotron self-Compton
emission, and the external Compton emission of accelerated electrons.

Jet precession can, in varying degrees, contribute to many aspects of GRBs, such as
prompt (afterglow) light curves, jet structures, polarization, and gravitational waves (GWs).
In this review, we summarize previous efforts to study jet precession in GRBs. In Section 2,
the effects of jet precession on GRB light curves are presented. In Section 3, possible ejecta
structures under jet precession are discussed. In Section 4, the properties of the polarization
signal with jet precession are provided. In Section 5, the properties of GW signals under jet
precession are presented. In Section 6, we give a brief summary.
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2. Light Curves with Jet Precession in GRBs
2.1. Prompt Light Curves with Jet Precession

The light curves of GRB prompt emission are highly variable. Some show a single pulse
with a rapid rise and exponential decay, while others show multiple pulses or complex
multi-episode patterns separated by quiescent time. In addition, certain light curves
exhibit a weak precursor component or extended emission. Periodic signals are considered
convincing evidence of jet precession. However, early studies failed to identify high-
quality periodic signals in prompt light curves [62–64]. This result implies the difficulty
encountered by GRB jet precession in producing clear periodic signals, leading researchers
to turn their attention to the search for QPOs. In recent years, several studies have been
conducted to search for QPOs in the prompt emissions [65–68]. Chirenti et al. (2023)
discovered kilohertz QPOs in the prompt emissions of short GRBs 910711 and 931101B
using data from the BATSE archive [69]. Xiao et al. (2024) identified a potential QPO
signal of approximately 22 Hz in the precursor emission of GRB 211211A [70], and a strong
19.5 Hz flux oscillation was also observed in this burst [71].

It is widely believed that the prompt emission of GRBs originates from the inner
regions of the jets, and that jet precession may cause variations to be imprinted in the
prompt light curves. Consequently, various jet precession models have been proposed
to explain the diverse profiles observed in prompt light curves. Jet precession should
essentially be driven by misalignment between the direction of the angular momentum of
a BH and accretion matter. The accretion materials are derived from the companion star in
short GRBs and from the envelopes of massive collapsars in long GRBs.

Regarding the scenario of binary systems or BH-NS mergers, Blackman et al. (1996)
were the first to study a relativistic blob-emitting jet with precession primarily driven by
Newtonian tidal torque in GRBs [72]. In their model, the precessing jet originates from a
binary pulsar system, where the pulsars may be formed by the collapse of white dwarfs due
to accretion. They used this precessing jet model to explain the short durations observed in
GRBs, finding that the duration is mainly determined by the timescale during which the
jet sweeps across the line of sight. Portegies Zwart et al. (1999) proposed that in a close
NS-BH binary system, when the NS fills the Roche lobe of the BH, mass transfer from the
NS to the BH occurs, leading to the formation of an accretion disk around the BH [73,74].
Misalignment between the binary angular momentum axis and the BH spin axis can result
in a precessing jet, produced via the BZ mechanism. Their model also incorporated the
nutation effect, which they applied in an attempt to reproduce the complex shapes of GRB
prompt light curves. However, they later found that it was still difficult to explain some
observed GRBs with asymmetric light curve shapes when only considering a precessing jet.
As a result, they revised the model [75], proposing that a relativistic precessing jet interacts
with the interstellar medium, producing a shock wave. The cooling of shock-accelerated
electrons is then considered the cause of the asymmetric shapes in the prompt light curves,
as well as of exponential decay in the emission flux. Using this modified model, they were
able to fit the prompt light curves of several GRBs with reasonable precision. Stone et al.
(2013) investigated jet precession in the context of short GRBs, focusing on a scenario where
the accretion disk forms following an NS–BH merger [76]. They considered 10 different
cases to explore how various disk parameters influence the precession period and number
of precession cycles. They found that the precession period typically falls within the range
of ∼0.01 to 0.1 s, while the precession angle is approximately 10◦. Additionally, they found
that the number of precession cycles is significantly influenced by disk viscosity, where
higher viscosity leads to fewer precession cycles, which can further obscure the features of
observed light curves. They suggested that these distinct precession characteristics could
help differentiate between NS-NS mergers and NS–BH mergers as progenitors of short
GRBs. Li et al. (2023) proposed a jet precession model within the framework of NS–BH
mergers to predict possible QPOs in the prompt light curves of short GRBs [77]. In their
model, the predicted QPOs primarily depend on several angular parameters, including
the jet opening angle, viewing angle, and precession angle, with the periods ranging from
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0.01 to 0.1 s. Additionally, due to the time required for the disk winds to align the jet with
the disk, the QPOs may appear with a delay relative to the trigger time. They suggested
that the delayed QPOs are a characteristic feature of NS–BH mergers with misaligned
orbital planes.

Regarding BH accretion systems in which progenitors are not considered, Reynoso et al.
(2006) investigated spin-induced precession and nutation occurring in a neutrino-cooled
disk around a stellar-mass Kerr BH in the framework of GRBs [78]. In their model, the pre-
cession and nutation of the disk are transferred to relativistic jets launched via the BZ
mechanism. The combination of these effects can explain the oscillating microstructures of
the prompt light curves, as well as the shape of a slow rise and fast decay observed in some
GRBs. Lei et al. (2007) proposed a precessing jet model that incorporates magnetic coupling
processes, accounting for the evolution of the half-opening angle of the magnetic flux on the
BH horizon [79]. They found that the model can produce a light curve profile characterized
by a fast rise and slow decay. Liu et al. (2010) proposed a model of jet precession driven
by a neutrino-dominated accretion disk to explain the prompt light curves of GRBs [80].
In their model, a critical radius is defined where the angular momentum of the BH equals
that of the disk. Within this radius, the rotation of the inner disk aligns with the spin
direction of the BH, while beyond this radius, the outer disk retains its original rotation.
Since the angular momentum of the outer disk is significantly larger than the combined
angular momentum of the inner disk and the BH, the outer disk drives the precession
of both the inner disk and the BH, resulting in jet precession. The characteristics of the
precessing jet depend on the BH mass MBH, accretion rate Ṁ, and spin parameter a. This
model not only provides a potential explanation for the temporal evolution of GRB pulses
but also demonstrates that the spectral peak energy Ep tracks the flux evolution under
jet precession.

These jet precession models were used to explain the characteristics of the prompt
light curves of certain GRBs. Wang et al. (2022) proposed that GRB 200826A should be a
long GRB resulting from the collapse of a massive star, with the prompt emission consisting
of both precursor and main emissions [81]. They interpreted the observed prompt emission,
lasting approximately 1 s, as being the precursor emission, and concluded that the main
emission was not detected. They attributed this absence to jet precession, which likely
caused the radiation region to shift away from the line of sight of the observers. Gao et al.
(2023) suggested that the repeating episodes with similar temporal profiles observed in the
prompt light curves of some GRBs, such as GRB 950830, could be explained by a precessing
jet [82]. Li et al. (2023) attributed the delayed QPO behavior in the prompt light curve of
short GRB 130310A to the precession jet from an NS-BH merger [77]. Zhang et al. (2023)
used the jet precession and nutation model in [73] to explain three emission episodes in
the prompt light curve of GRB 220408B, which exhibited similar temporal and spectral
characteristics [83]. They obtained values for the precession and nutation periods of GRB
220408B, 18.4 ± 0.2 s and 11.1 ± 0.2 s.

Overall, although the jet precession model has been employed to explain the complex
behavior of prompt light curves, convincingly observational evidence supporting GRB
jet precession, namely significantly periodic signals, is always missing, and QPOs are an
alternative being considered. A possible reason for the absence of significant periodic
signals is that most observed GRBs are viewed nearly on axis, and the precession angle
is quite small when their jets are precessing. As a result, the effects of jet precession are
weakly reflected in the prompt light curves. Of course, precession should occur in GRBs
during their violent evolution. GRBs are catastrophic events, and during the early phases,
the central engines might experience instabilities due to irregular accretion, leading to
significant and irregular variations in both the precession period and angle as well as in
jet luminosity.
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2.2. Afterglow Light Curves with Jet Precession

In general, prompt gamma-ray emission is followed by long-lasting (hours to days)
multi-band afterglow emission, ranging from radio to X-ray [84], sometimes also accompa-
nied by high-energy and very high-energy photons (>100 GeV), as seen in GRB 221009A,
with detected photon energies of up to 5 TeV [85]. Since the first afterglow event was
discovered in 1997 (GRB 970228) [86], GRB afterglow has been extensively studied. Multi-
wavelength afterglow is believed to be produced by electrons accelerated by the shock
waves generated as ultrarelativistic jets sweep up the circumburst medium, according
to the external shock model [84,87]. In the Swift era, a large number of X-ray afterglow
events are observed, and the shapes of the X-ray light curves exhibit diversity. These can
be categorized into five segments: rapid decay, flat decay or plateau, normal decay, jet
break, and one or more flares [88]. These five phases are thought to have different physical
origins, with fast-decaying phases having the same origin as the prompt emission. Flat
decay (plateaus) may be due to energy injection from the central engines. Normal decay
with a power-law index is in agreement with the prediction of the standard external shock
model. Jet break occurs when the visible region is larger than the physical region of the jets.
Some flares are thought to be likely associated with the activation of the central engines.
A proposition of current relevance, regarding the shape of the X-ray light curve, is the
idea that most shallow decay (plateaus) and flares share the same physical origin [89],
though the origin of the plateaus is still under debate.

Jet precession can affect not only prompt light curves but also afterglow light curves.
One possible effect is the emergence of QPO behavior in the afterglow light curves. Cur-
rently, significant effort has been dedicated to searching and studying the behavior. One
view is that QPOs in the afterglow light curves originated from precessing millisecond
magnetars. In cases where the central engine of a GRB is a rapidly rotating and highly ellip-
tical millisecond magnetar, Suvorov and Kokkotas (2020) proposed that its early precession
could cause QPOs of spin-down luminosity, which should manifest as QPO signals in the
plateau phase of X-ray afterglow light curves [90]. To test this, they analyzed two GRBs with
plausible QPOs in X-ray plateaus likely driven by millisecond magnetars: long GRB 080602
and short GRB 090510. They fitted the X-ray afterglow light curves of these bursts using
two models: one for a non-precessing millisecond magnetar and another for a precessing
one. Using the Akaike Information Criterion, they found that the precessing millisecond
magnetar model provided a better fit to the data. As a result, they suggested that QPOs in
the X-ray afterglow plateaus of GRBs 080602 and 090510 could be evidence of precession in
a newly formed millisecond magnetar. They further explored whether this precession is a
common phenomenon among newborn millisecond magnetars by expanding the number
of sample GRBs, selecting 25 short GRBs. They applied the same method to fit these GRBs,
finding that 16 out of the 25 GRBs favored the precessing millisecond magnetar model,
representing 64% of the sample [91]. Zou et al. (2021) analyzed GRB 101225A and found
plausible QPOs in its X-ray afterglow light curve between 4900 s and 7500 s, with periods of
488 s and 250–300 s, at a confidence level of 90% [92]. They applied a magnetar precession
model to explain these QPOs and found that, when accounting for spin-down dominated
by GW radiation, the signals can be well explained. In addition to GRB 101225A, they
also found candidate QPOs in GRB 180620A with a period of approximately 650 s [93]
and in GRB 210514A with a period of approximately 11 s [94], which they explained using
the magnetar precession model. Besides the scenario of precessing millisecond magne-
tars, a rapidly spinning and precessing BH could also serve as another scenario for QPOs.
Zheng et al. (2024) proposed that QPOs observed during plateau and subsequent sharp
decay phases can be produced by a precessing BZ jet [95]. Using this model, they explained
the oscillations appearing in the plateau and steep decay phases of X-ray afterglow light
curves of GRB 050904. They suggested that the simultaneous emergence of QPOs in plateau
and steep decay phases could serve as a potential clue for the central engines as a BH,
rather than a millisecond magnetar.
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In addition to QPOs, other special features of jet precession may also manifest in
X-ray afterglow light curves, such as evolving flares, multiple peaks with distinct profiles,
and plateaus. Hou et al. (2014) used the jet precession model proposed by Liu et al.
(2010) [80] to explain the origin and evolution of flares appearing in the afterglow phase
of GRB 130925A [96]. GRB 130925A was jointly detected by Swift, Fermi, Konus–Wind,
and INTEGRAL, with observations revealing multiple X-ray flares that exhibited noticeable
temporal evolution. They found that the time intervals between adjacent flares positively
correlated with observation time, which can be interpreted as the evolution of the jet
precession period. Based on the observed flare and within the framework of the precessing
jet, they suggested that the central engine of GRB 130925A involved a rapidly spinning BH
formed from the collapse of a massive star, and provided rough estimates of the BH mass
and spin. The same model was also employed to account for the potential periodic signals
of approximately 86 s in the X-ray bump of GRB 121027A [97]. Li et al. (2023) investigated
afterglow light curves with the jets possessing asymmetric structures potentially caused by
jet precession [98]. In their model, the resulting ejecta were divided into several regions with
different velocities and energies. The combined contributions of these regions produced
afterglow light curves characterized by multiple peaks with distinct profiles.

Huang and Liu (2021) investigated the impact of long-lasting jet precession on X-
ray afterglow light curves and found that the precession leads to the appearance of a
plateau without QPO signals in the afterglow light curves under a reasonable range of
parameters [99]. As shown in Figure 1, they approximated the precession process as the
result of discrete sub-jets continuously filling in along the precessing helical path (blue
curve). The angle between the Z-axis and the jet axis is defined as the precession angle
θpre, while the angle between the Z-axis and the line of sight is defined as the viewing
angle θobs. The half-opening angle of the jet is denoted as θjet. The number of discrete
sub-jets depends on the precession angle θpre and the angle between the axis of adjacent
sub-jets. In the first precession cycle, the sub-jets interact with the circumburst medium,
producing external forward shock waves. As the shock waves sweep through the medium,
they slow down after accumulating a certain amount of the medium. The sub-jets from
subsequent precession cycles catch up with the decelerated forward shock waves, resulting
in energy injection.

a

a
pre

jet

pre

obs

observer

z

x

y

a

z

y

x

Figure 1. A cartoon depiction of a GRB precessing jet (adapted from [99]).

Under this physical picture, the evolution of the Lorentz factors Γ of the forward shock
waves affected by the jet precession can be described as follows [100]:

dΓ
dt

= −
Γ(Γ2 − 1)(γ̂Γ − γ̂ + 1)c2 dm

dt − Γ(γ̂ − 1)(γ̂Γ2 − γ̂ + 1)(3u/R) dR
dt − Γ2 dEinj

dt
Γ2(M0 + m)c2 + (γ̂2Γ2 − γ̂2 + 3γ̂ − 2)u

, (1)
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where Einj represents the energy injected as the sub-jets catch up with the forward shock
waves, M0 denotes the initial mass, R is the distance from the central source, u refers to
the internal energy, m is the sweep-up mass from the circumburst medium, t is the time
measured in the observer frame, c denotes the speed of light, and γ̂ is the adiabatic index.
In addition, energy injection term dEinj/dt is written as [99]

dEinj

dt
=

{
Pjet, Tstart < t < Tend,
0, others,

(2)

where Tstart = ((i − 1)∆t + jτ), Tend = (i∆t + jτ), i (= 1, 2, . . . , k) refers to the sequence
number of sub-jets within each precession period, j (= 1, 2, . . . , tend/τ − 1) represents the
serial number of precession cycles, τ is the precession period, and ∆t = τ/k. Pjet represents
the jet power.

In their model, synchrotron radiation is produced by shock-accelerated electrons.
To accurately compute the radiation flux from the forward shock waves, each shock wave
generated by the sub-jets interacting with the circumburst medium during the first preces-
sion cycle is divided into 300 × 1000 emitters along the θ′ and ϕ′ directions in the spherical
coordinates comoving with the precessing jet, while the corresponding comoving Cartesian
coordinates are denoted as (x′, y′, z′), with the z′ axis aligned along the jet axis (as shown
in Figure 1). In addition, due to the line-of-sight effect, radiation photons from regions
moving in directions not directly aligned with the line of sight will experience a time
delay, compared with photons emitted from regions moving directly toward the line of
sight. This can be expressed as tde = R(1 − cos θem)/c, where θem represents the angle
between the radiation emitters and the line of sight. Finally, the total observed flux from a
precessing GRB jet is obtained by summing the flux from radiation emitters that have the
same observation time.

First, the case of the precession jet without power evolution was explored. Figure 2
presents the X-ray afterglow light curves for a precessing jet with steady power. It is evident
that plateaus appear in a large portion of the light curves, some of which display slight
positive slopes. In this figure, the influence of various parameters on the plateaus is exam-
ined, including the precession period τ, precession angle θpre, jet power Pjet, and viewing
angle θobs. The left and right columns of the figure show the results for τ = 10 s and 100 s,
respectively. Clearly, plateaus with shorter precession periods appear earlier (left column).
Additionally, there is little difference between plateaus at θpre = 5◦ and 10◦, but the fluxes
of the plateaus with Pjet = 1049 erg s−1 are approximately an order of magnitude lower
than those with Pjet = 1050 erg s−1. The viewing angle also significantly affects the plateaus.
When the line of sight is outside the precession path, the plateaus vanish, and a bump-like
feature with a relatively lower flux emerges at a later time. Mainstream models for the
origin of the plateaus involve energy injection. The findings imply that jet precession could
be a new mechanism for energy injection.

Overall, QPOs seem to appear more easily in the X-ray afterglow light curves (several
hundred to thousands of seconds) than in the prompt light curves. However, the potential
QPO signals in the X-ray afterglow light curves have relatively poor quality. Hopefully,
future instrumentation will detect more QPOs of higher quality, such as the Transient High-
Energy Sky and Early Universe Surveyor (THESEUS). On the other hand, jet precession
could also leave traces in the X-ray afterglow light curves through other features, such
as a plateau structure, whose origin remains controversial. Additionally, if the late-time
flares are caused by jet precession, they should be preceded by similar flares with higher
peak fluxes, and evidence of approximately regular evolution should be observed in the
time intervals between adjacent flares. In this context, evidence from multiple wavebands
should be considered when testing for jet precession by GRB afterglow light curves.
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Figure 2. X-ray afterglow light curves of a precessing jet with steady power. The precession periods
τ = 10 s, 100 s, the precession angles θpre = 5◦, 10◦, and the initial jet powers Pjet = 1049 erg s−1,
1050 erg s−1 are adopted. The red, black, green, blue, and magenta lines represent the light curves for
θobs = 0◦, 5◦, 10◦, 15◦, and 20◦, respectively (adapted from [99]).

3. Ejecta Structures with Jet Precession in GRBs

The structure of a jet might be either uniform [101] or structured [102]. In a uniform
jet, often referred to as a “top-hat” jet, the energy per unit solid angle remains constant
regardless of the angular distance from the jet axis, exhibiting sharp cutoffs at the edges.
In contrast, structured jets exhibit variations in both energy density and Lorentz factors with
angular distance. The most common models of structured jets include power-law [103–105]
and Gaussian [106,107] structured jets. Although structured jets have been proposed for a
long time and used to explain certain light curve features, such as double jet breaks and
X-ray flares [106–109], their physical origin remains unclear. For a long time, research on
structured jets was limited because the top-hat jet model was sufficient for explaining most
observed GRBs. This situation changed with successful detection of the multi-wavelength
afterglow of GRB 170817A, associated with GW170817 [47,48,110], which indicated that
its jet was consistent with a structured jet [111,112]. The physical origin of structured jets
has gained renewed attention. The structures of GRB jets determine the morphology of
light curves and provide rich information about their formation and propagation. These
structures are influenced by several factors, including the properties of the central compact
object, the characteristics of the accretion disk, and the nature of the stellar envelope (in
the case of massive star collapse) or ejecta (in the case of binary compact object mergers).
Numerical simulations suggest that as a jet propagates through a dense envelope, its
structure can be reshaped by interaction with the medium and thus differ significantly
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from its initial structure after breakout [113–115]. Additionally, as the jet passes through the
envelope, it can heat the surrounding material, forming a hot cocoon [116]. If this cocoon
breaks out alongside the jet, it can create a composite structure, which may be one possible
origin of structured jets. Structured jets may be either inherent from the central engines or
gradually shaped by external factors. Although the structured jets formed by cocoons are
fundamentally different from those caused by jet precession, it is difficult to distinguish
them through existing observations. The cocoon characteristics critically depend on the
interaction between the jets and the progenitor’s envelope or the ejecta, and even depend
on the circumstances. If the structures of the envelope or the ejecta can be constrained
using other observations, then the characteristics of the cocoon may be narrowed down
and the origin of the structured jet can be identified.

Huang et al. (2019) investigated the structure of a short-duration precessing jet during
the afterglow phase and found that jet precession causes a top-hat jet to exhibit structured
profiles [117]. In their calculations, they divided the precession duration of the top-hat
jet into multiple equal and sufficiently short time intervals. Thus, the energy emitted
by the jet during each interval is the product of the jet power and the interval duration.
The ejecta during each interval were discretized into a large number of cells, each carrying
energy equal to the total energy emitted in that interval divided by the number of cells.
They further divided the plane perpendicular to the jet precession axis into fine grids and
projected all cells emitted in each time interval onto this plane. By tracking the number of
cells within each grid and calculating the total energy carried by them, they derived the
energy distribution of the jet on the plane perpendicular to the precession axis, as illustrated
in Figure 3.
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Figure 3. Distribution of energy density of a precessing GRB jet with a constant power, considering
precession angles θpre = 2.5◦, 5◦, and 10◦ (adapted from [117]).

Figure 3 shows the distribution of energy density ε with different precession angles,
where the left, middle, and right panels represent the results for the precession angles
θpre = 2.5◦, 5◦, and 10◦, respectively. The distribution of energy density is projected in
the x-y plane with x = sin θ cos ϕ and y = sin θ sin ϕ. Since the half-opening angle of the
jet is set, θjet = 5◦, then θpre = 2.5◦, 5◦, and 10◦ correspond to cases of θpre < θjet (case I),
θpre = θjet (case II), and θpre > θjet (case III), respectively. In case I, when θ < θjet − θpre, ε
remains constant over θ; however, when θ > θjet − θpre, ε exhibits power-law decay with a
sharp cutoff tail. This structure can be described as [104,117]

ε(θ)
εmax

=


1, θ ≤ θc,

( θ
θc
)
−k1 , θc < θ ≤ θm,

( θm
θc
)
−k1 exp[−(θ−θ0)

2

2θ2
g

], θm < θ < θpre + θjet,
(3)

where θc = 2.5◦, θm = 5◦, k1 = 1.05, θ0 = 4.8◦, and θg = 1.6◦. In case II, ε can be well
described by the Gaussian function [106,117]

ε(θ) ∝ exp[−(θ − θl)
2/2θ2

n], (4)

where θl = 1.6◦ and θn = 5.0◦. In case III, both power-law and Gaussian function cannot
adequately describe ε evolving over θ. In this case, the jet in the afterglow phase presents



Universe 2024, 10, 438 10 of 18

a ring shape. The results from Figure 3 indicate that the jet structures are significantly
dependent on the jet precession angle under jet precession. The jet structures will be
significantly more complex if the power evolution of the precessing jet is considered,
as shown in Figure 4 of the paper.

Figure 4. The characteristic amplitude ranges of GW signals from GRB jets at various stages, assuming
a distance of 1 Mpc. The shaded areas in purple, green, blue, and red indicate the initial accelera-
tion phase (single pulse) [118], initial acceleration phase (multiple pulses) [119], prompt emission
phase [120], and afterglow phase [121], respectively. The black curves represent the sensitivity thresh-
olds of various detectors, including aLIGO, ET, TianQin, Taiji, DECIGO/BBO, and ultimate-DECIGO
(adapted from [121]).

4. Polarization Signal with Jet Precession in GRBs

The polarization signals of GRB emission primarily arise from the ordered nature of
magnetic fields, which offer insights into the magnetic field characteristics of the emis-
sion region. Therefore, polarization detection is regarded as a unique tool for studying
the characteristics of magnetic fields in GRB jets. In polarization measurements of the
prompt emission phase, the detected signals typically exhibit high polarization degrees
(PDs > 50%) [122–125]. Since prompt emission arises from internal energy dissipation
within the jet, high PDs are believed to result from large-scale ordered magnetic fields
associated with GRB central engines. Additionally, a 90◦ reversal of polarization angles
(PAs) within a single pulse has also been observed [126]. In afterglow polarization detection,
the focus primarily lies in the optical band, which is divided into early and late optical
afterglow polarization measurements. Early optical afterglow polarization measurements
typically exhibit PDs mainly in the range of 3–30% [127–134], whereas those in late optical
afterglows generally remain below 3% [135–142]. The polarization levels measured in late
optical afterglow are consistent with the expectations for a forward shock origin. However,
most PDs measured in early optical afterglows do not match the high polarization levels
predicted for reverse shock waves with large-scale ordered magnetic fields [143], falling
significantly below theoretical expectations.

The polarization behavior of GRB emission may be affected by GRB jet precession.
Lan et al. (2019) studied the polarization characteristics of several astrophysical phenomena,
including GRBs, in the context of jet precession [144]. Their research demonstrated that
GRB jet precession can result in periodic signals in the polarization curves of prompt
gamma-ray emission, with the polarization angle undergoing sudden 90-degree flips.
They suggested that these polarization features could potentially serve as a key factor
in identifying jet precession. Huang et al. (2022) investigated the impact of long-lasting
jet precession on the polarization signals of early optical afterglow and found that jet
precession can lead to a certain degree of depolarization [145]. To model the precession
and calculate the polarization signals of the early optical afterglow, they adopted the jet
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dissociation model proposed by [99]. In the model, the interaction of each sub-jet with the
circumburst medium during the first precession cycle gives rise to the formation of a pair
of shocks: a forward shock wave moving outward through the circumburst medium and a
reverse shock wave propagating inward through the jet material, with the dynamics of both
shock waves determined by solving a set of differential equations. In addition, large-scale
ordered magnetic fields are considered within the jet, with two configurations explored: a
toroidal magnetic field and an aligned magnetic field. Additionally, they assumed that no
large-scale ordered magnetic fields exist in the circumburst medium. Thus, only randomly
amplified magnetic fields are present downstream of the forward shock waves, and high
polarization signals in the early optical afterglow are primarily generated by radiation from
the reverse shock waves. Further, to quantify the overall polarization effect, they summed
the Stokes parameters from each forward–reverse shock system at the same observation
time. However, before summing, it was necessary to transform the Stokes parameters from
the coordinate system comoving with jets to a global coordinate system [144].

Figure 5 shows the light curves and polarization signals of early optical afterglows
dominated by reverse shock waves under jet precession, with the left and right panels
corresponding to the field configurations being aligned and toroidally magnetic, respec-
tively. Different colored lines represent the results for different θobs, with θobs being the
angle between the line of sight and the precession axis. The top, middle, and bottom panels
show the light curves and the evolution of PDs and PAs over time, respectively. In the
top panel, the light curves are seen to broadly remain consistent across different magnetic
field configurations, implying that the magnetic field configurations do not significantly
affect the light curves. In the middle panel, the PD in θobs = 0◦ is almost zero, indicating
that the high PDs produced in the reverse shock waves with large-scale magnetic fields
can almost be canceled out by the precession process. However, this is strongly dependent
on θobs, and as θobs increases, the depolarization effect caused by jet precession becomes
insignificant. In other word, it becomes evident only when the line of sight is around
the precession axis. In the bottom panel, the evolution of PAs over time exhibits several
features, including periods of basic constancy, gradual decay, and abrupt changes. The PA
characteristics are determined by the magnetic field directions in the visible core. For ex-
ample, the near-constant PA with time in θobs = 7◦ implies that the ordered magnetic field
in the visible core has a stable direction. However, when the Lorentz factor of the jets
decreases, the observational region increases, and the sub-jets moving at different positions
become observable such that the direction of magnetic fields in the observable core may
abruptly or gradually change, as reflected in the PA evolution.
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Figure 5. Light curves and polarization evolution of early optical afterglow dominated by reverse
shock waves. The left and right panels are the results of magnetic field configurations in the reverse
shock waves being aligned and toroidal, respectively. The top, middle, and bottom panels show the
light curves and the time evolutions of polarization degrees and polarization angles, respectively.
The violet, yellow, green, and red lines represent the results with observation angle θobs = 0◦, 1◦, 2◦,
and 7◦, respectively (adapted from [145]).
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In order to test the possibility that this model could explain the generally low PDs
measured in the early optical afterglows, they collected GRBs with PD measurements within
the early optical afterglow phase (<103 s), and a sample of 16 GRBs was obtained where
seven GRBs (GRBs 090102, 091208B, 101112A, 110205A, 120308A, 141220A, and 190114C)
had a definite PD value and the others only had an upper limit of PD. They matched the PDs
of these GRBs with the theoretical results for different θobs, finding that the measured PDs
significantly support a small angle of θobs. Then, they examined the effects of other relative
parameters on the PDs, including the precession period of the jets, duration of the jets,
initial Lorentz factor, jet luminosity, magnetization parameter, fraction of internal energy
density downstream of the reverse shock waves shared by the electrons, and redshift. It
was found that these parameters do not significantly impact the PDs compared to θobs. This
indicates that jet precession is a potential origin of the low PDs observed in early optical
afterglow. However, due to the lack of direct observational evidence for jet precession, it
remains impossible to attribute the low polarization degree of any GRB in the sample to
jet precession.

5. GW Signal with Jet Precession in GRBs

The successful detection of GW150914 in 2015 marked the beginning of a new era in
GW detection [146]. In 2017, the joint observation of GW170817 and GRB 170817A signaled
the start of a new era in multimessenger astronomy [47,48]. In addition to the mergers
between binary compact objects, known as strong GW sources, the ultrarelativistic jets of
GRBs could also be potential sources of strong GWs. The GW signals from GRB jets have
been studied extensively and are produced by the acceleration of the jets [118–120,147],
independent of the energy form, known as the GW memory. If the jet interacts with a dense
stellar envelope or ejecta, this GW memory can be modulated [148]. Similarly, the GW
memory can be affected during the afterglow phase if energy is injected from reactivation
of the central engines [121]. Figure 4 illustrates the GWs of GRB jets at different stages.
The shaded areas in purple, green, blue, and red indicate the initial acceleration phase
(single pulse) [118], initial acceleration phase (multiple pulses) [119], prompt emission
phase [120], and afterglow phase [121], respectively. In the initial acceleration phase,
the amplitude and frequency range of GWs are larger and narrower, respectively, in the
case of a single-pulse scenario than in a multiple-pulse scenario. In the prompt emission
phase, the frequency of GWs is slightly lower than that in the initial acceleration phase.
When the source position is 1 Mpc, they have the potential to be detected by the Ultimate
Decihertz Interferometer Gravitational Wave Observatory (Ultimate-DECIGO). Further-
more, the signal from the afterglow phase exhibits a markedly lower frequency range in
comparison to that in the acceleration and prompt phases. Romero et al. (2010) studied the
GWs produced by a precession system that includes a neutrino-cooled accretion disk in
GRBs [149]. They assumed that the precession is driven by a spin-induced mechanism and
discussed scenarios of both long and short GRBs. In both cases, they studied the effect of
the accretion rate on the GW amplitude and found that a higher accretion rate results in a
larger GW amplitude. They also found that the frequency of the GW signal falls within
the range of tens to hundreds of hertz, with the amplitude gradually decreasing as the
frequency increases. Due to the requirement for extremely high accretion rates, Romero and
colleagues concluded that GW signals from precessing accretion disks would likely only be
detectable in the case of long GRBs. Based on the model of [80], Sun et al. (2012) calculated
the GW signals from GRBs in the context of neutrino-dominated disk with disk-driven
precession [150]. They found that the frequency of the resulting GW signals ranged from a
few tenths of a hertz to tens of hertz, which was slightly lower than that predicted in the
model proposed by [149]. Additionally, they found that the amplitude increased as the
frequency rose, in contrast to the findings presented in [149]. For long GRBs occurring in
local galaxies, the GWs could potentially be detected by GW detectors like DECIGO and
the Big Bang Observer (BBO). Detecting GWs from GRBs would provide crucial insights
into the dynamics of relativistic jets and the physics of their central engines.
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6. Summary

Direct observational evidence for the jet precession of GRBs, including clearly periodic
signals and QPOs in the prompt and afterglow light curves, has been actively sought.
However, clearly periodic signals are always missing, while QPOs are rarely observed and
are generally of poor quality. Therefore, it is suggested that in many cases, information
in the GRB light curves related to jet precession could be encoded in a different way. Un-
fortunately, since several mechanisms can account for these non-periodic structures, it is
not possible to definitively determine whether they are a consequence of jet precession.
Beyond the morphology of the light curves, jet precession can also affect the ejecta struc-
tures, polarization signals, and GW signals. Jet precession can result in structured jets and
depolarization of early optical afterglow polarization, and systems with precessing jets are
capable of producing GW signals with prospects for their detection. Currently, although the
effects of jet precession on various aspects of GRBs have been roughly understood theoreti-
cally, confirmation of the existence of precession in GRB jets remains a significant challenge
due to the lack of direct or joint observations. In this scenario, simultaneous verification
across multiple time phases (prompt and afterglow phases), multiple wavelengths (from
radio to gamma rays), and even multiple aspects (e.g., jet structures, polarization, and GWs)
is necessary. Fortunately, next-generation instruments show promise for providing addi-
tional clues in the search for evidence of GRB jet precession, for example, the Space-based
multi-band astronomical Variable Objects Monitor (SVOM) with its capability for simul-
taneous multi-wavelength observations, including optical, X-ray, and gamma-ray bands,
plus its ability to respond quickly, which should be able to detect afterglows much earlier,
and high-quality QPOs caused by jet precession will be easier to detect, which is expected
to assist in confirming the existence of jet precession in GRBs.
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6. Britzen, S.; Zajaček, M.; Gopal-Krishna; Fendt, C.; Kun, E.; Jaron, F.; Sillanpää, A.; Eckart, A. Precession-induced Variability in

AGN Jets and OJ 287. Astrophys. J. 2023, 951, 106. [CrossRef]
7. Caproni, A.; Mosquera Cuesta, H.J.; Abraham, Z. Observational Evidence of Spin-induced Precession in Active Galactic Nuclei.

Astrophys. J. Lett. 2004, 616, L99–L102. [CrossRef]
8. Kudryavtseva, N.A.; Britzen, S.; Witzel, A.; Ros, E.; Karouzos, M.; Aller, M.F.; Aller, H.D.; Teräsranta, H.; Eckart, A.; Zensus, J.A.

A possible jet precession in the periodic quasar B0605-085. Astron. Astrophys. 2011, 526, A51. [CrossRef]
9. Qian, S.J.; Britzen, S.; Witzel, A.; Krichbaum, T.P.; Gan, H.Q. Possible quasi-periodic ejections in quasar B1308+326. Astron.

Astrophys. 2017, 604, A90. [CrossRef]
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