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GRB 220408B: A Three-episode Burst from a Precessing Jet
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Abstract

Jet precession has previously been proposed to explain the apparently repeating features in the light curves of a few
gamma-ray bursts (GRBs). In this paper, we further apply the precession model to a bright GRB 220408B by
examining both its temporal and spectral consistency with the predictions of the model. As one of the recently
confirmed GRBs observed by our GRID CubeSat mission, GRB 220408B is noteworthy as it exhibits three
apparently similar emission episodes. Furthermore, the similarities are reinforced by their strong temporal
correlations and similar features in terms of spectral evolution and spectral lags. Our analysis demonstrates that
these features can be well explained by the modulated emission of a Fast-Rise-Exponential-Decay (FRED) shape
light curve intrinsically produced by a precessing jet with a precession period of 18.433 s, a nutation period of
11.1793 s and viewed off-axis. This study provides a straightforward explanation for the complex yet similar multi-

episode GRB light curves.
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1. Introduction

Regardless of its different types of origin, which can be
either the collapse of a massive star (Paczynski 1986; Woosley
1993; Woosley & Bloom 2006) or the merger of binary
compact stars (Eichler et al. 1989), a gamma-ray burst (GRB)
central engine is believed to resemble the same accretion
system which consists of a central object, an accretion disk, and
a relativistic jet. In particular, if the central object is a black
hole (BH), the angular momentum direction of the BH and the
accretion disk can differ due to the anisotropic explosions of its
progenitor star. As the outer part of the disk has a sufficiently
larger angular momentum, it will maintain its direction and
drive the BH and the inner part of the accretion disk to precess
due to the Lense-Thirring torque and the viscosity of the disk
(Lense & Thirring 1918; Bardeen & Petterson 1975). The jet
launched from the inner region of the disk will follow the

(stars:) gamma-ray burst: individual (GRB 220408B) — stars: jets

rotating black hole to precess (e.g., Reynoso et al. 2006; Liu
et al. 2010; Lei et al. 2012). Such precession can naturally
cause the change of observer angle (calculated with respect to
the moving direction of the ejected material, see Section 3.1).
In some cases, when the precession period is shorter than the
burst duration, and the jet’s opening angle is small enough,
precession can affect the observed light curve by introducing
periodic-like or missing emissions. Several previous attempts
(e.g., Lei et al. 2007; Liu et al. 2010) have been made to
correlate those features with observations.

In light of previous studies, we sought to find additional
GRBs that display those characteristics that may be attributed
to precession. GRB 220408B, a recent burst co-detected by
Fermi (Bissaldi et al. 2022), Konus-Wind (Lysenko et al.
2022), Astro-Sat (Gopalakrishnan et al. 2022), and GRID (this
work), quickly caught our attention due to its multiple similar
temporal episodes. In this paper, we first performed a detailed
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analysis of GRB 220408B from the perspective of its light
curve properties and spectral evolution (Section 2). Motivated
by the similarities of the three episodes in light curve profile,
spectral evolution, and spectral lags, we proposed to use a
precession-nutation model to explain the observed properties of
GRB 220408B (Section 3). The summary and discussion are
presented in Section 4.

2. Observation and Data Analysis
2.1. The Data

GRB 220408B triggered the Gamma-ray Burst Monitor
(GBM) aboard the NASA Fermi Gamma-ray Space Telescope
(Meegan et al. 2009) at 07:28:04.65 universal Time on 8 Apr
2022 (hereafter Togem)- It is also the third confirmed GRB
observed by GRID (short for Gamma-Ray Integrated
Detectors), a low-cost project led by students aiming to build
an all-sky and full-time CubeSat network to monitor high-
energy transient sources, including GRBs, in low Earth orbits
(Wen et al. 2019, 2021). To date, GRID has collected several
confirmed GRBs as well as dozens of GRB candidates, of
which the first is GRB 210 121A (Wang et al. 2021). In this
work, we mostly utilize the Fermi/GBM data in consideration
of its wide spectral coverage and high temporal and spectral
resolution. As a result of a large separation angle (>>60°)
between the pointing direction of the detector and the GRB
location, the GRID data of GRB 220408B suffer from low
signal-to-noise ratio'® (S /N) and, therefore, are only displayed
in the top panel of Figure 1 as an illustration.

We retrieved the time-tagged event (TTE) data set of GRB
220408B from the Fermi/GBM public data archive.'” Two
sodium iodide (Nal) detectors, namely n6 and n7, with the
smallest viewing angles with respect to the GRB source
direction, were selected for our analysis. Additionally, the
brightest bismuth germanium oxide (BGO) detector, bl, was
also selected as it extends to a higher energy range. These data
were then processed according to the standard procedures
described in Zhang et al. (2011) and Yang et al. (2022) to
investigate the burst’s temporal and spectral properties, as
detailed below.

2.2. The Three-episode Light Curve

We plot the GBM and GRID light curves together in Figure
1, using the same bin size of 0.325 s and the same alignment
time, Ty, at Ty ggm. While both light curves are extracted from
the same 15-350keV energy range, the S/N of the brightest
peak of the GRID light curve is about one-fifth of that of the
GBM light curve due to the former’s large off-axis angle.
Nevertheless, the majority of the significant peaks on both light

16 The signal-to-noise ratio is defined as S/N = Sg;—ﬂf, where S is the count
rate in signal region, B is the background rate, o(B) is the variance of B.
'7 hitps:/ /heasarc.gsfc.nasa.gov /FTP /fermi /data/gbm /daily /
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Figure 1. Light curves (top three panels) and accumulated light curve (bottom
panel) of GRB 220408B. The bin size is set to 0.325 s for all light curves. The
top panel shows the light curve within the energy range from 15 to 350 keV by
combining the data from all four GRID detector units. The second panel shows
the light curve of Nal detectors n6, n7 and BGO detector b1 of Fermi/GBM in
the energy range of 15-350 keV. The third panel shows the light curve of Nal
detectors n6, n7 and BGO detector bl of Fermi/GBM in the energy range of
10-25 keV. The bottom panel shows the accumulated counts of the light curve
in the third panel. The three episodes are marked in orange, green, and purple,
respectively. The gray solid (dashed) lines are drawn at 0% (5%) and 100%
(95%) of the accumulated counts. The vertical red dashed lines in the bottom
two panels represent the T interval.

curves coincide, which reinforce the usefulness of CubeSat
detectors for GRB research, even in non-ideal observational
conditions.

GRB 220408B exhibits an overall Fast-Rise-Exponential-
Decay (FRED; Kocevski et al. 2003) profile while retaining a
complex substructure characterized by three apparently
separated emission episodes. Following the method in Yang
et al. (2020a) and Yang et al. (2020b), the burst duration in the
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Figure 2. (a) Light curve profiles of the three episodes are aligned according to the middle peak positions within red vertical dashed lines. Matched peaks are marked
with green vertical dashed lines. (b) The correlation between Episode II and Episode I is delineated in orange, and the correlation between Episode II and Episode III is

delineated in purple. The shaded areas represent the corresponding 3¢ uncertainties.

standard energy range of 15-350keV is calculated as
To0.15-350 kev ~ 30 s (see also Bissaldi et al. 2022), counted
from 7o + 1.5 s to Ty + 31.5 s. Such a Ty range, however, does
not cover the third episode, which starts at around T + 55 s.

We noticed that the third emission episode becomes
particularly significant in low energies, as shown in the third
panel of Figures 1 and 3, indicating a strong spectral evolution
across the three episodes. We were thus motivated to recalculate
the burst’s Top in a lower energy range between 10 and 25 keV
to be 62.5s (see the bottom panel of Figure 1), which more
accurately conveys the burst timescale and the central engine
activities (Zhang et al. 2014). Such an energy range is also
utilized in dividing the burst into three episodes with a visual aid
of the pulse structures, as colored in the third panel of Figure 1.

Interestingly, the three emission episodes display striking
similarities with each other in terms of duration, pulse structure,
and spectral evolution. A more comprehensive analysis of that
focus will be conducted in the rest of this section.

2.3. Similarity in Overall Temporal Profile

The similarity of the light curve profiles is illustrated in
Figure 2(a), where the light curves'® of the three episodes are

'8 Those light curves are extracted in the energy range of 10-100 keV to
improve S/N and binned to 0.1s to increase the visibility of the detailed
structures.

first aligned according to the middle peak positions (red vertical
dashed lines). Interestingly, such an alignment automatically
results in several other peaks matching along (green vertical
dashed lines).

To further quantify the similarity, we calculated the
correlation coefficients between any pair of the three light
curves in Figure 2(b). The Pearson correlation coefficient is
0.68 with a p-value of 7.60 x 10" between Episode I and
Episode II, and is 0.42 with a p-value of 1.15 x 107 '° between
Episode II and Episode III. The strong correlations among the
three episodes indicate that they may have the same physical
origin, which could account for their similar shapes.

2.4. Similarity in Multi-wavelength Behaviors

We then divided the energy range between 10 and 800 keV
into eight bands and extracted multi-wavelength light curves
from Fermi/GBM Nal detectors n6, n7 and BGO detector bl
using the method described in Liu et al. (2022). As shown in
Figure 3, the profiles of the multi-wavelength light curves,
including their characteristics, such as the peak time and width
of the pulses, clearly evolve in accordance with increasing
energy. Such an evolution is commonly observed in GRBs and
often measured as a spectral lag, which refers to the delay of
the arrival time of gamma-ray photons in different energy
bands (e.g., Norris et al. 2000; Yi et al. 2006). Both positive
(i.e., higher-energy photons arrive earlier) and negative lags, as
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Figure 3. The multi-wavelength light curves of GRB 220408B. The orange,
green, and purple blocks mark Episode I, Episode II, and Episode III,
respectively.

well as the positive-to-negative lag transitions (e.g., Wei et al.
2017; Du et al. 2021; Liu et al. 2022), have been observed in
some GRBs.

Following the method described in Zhang et al. (2012) and
Liu et al. (2022), we calculated the energy-dependent lags for
all three episodes using the multi-wavelength light curve pairs
in Figure 3. The results are shown in Figure 4. Interestingly, a
positive-to-negative transition feature, with a roughly con-
sistent trend, is observed in the lag-E relations in all three

Zhang et al.

episodes, which further confirms the similarity of the three
emission episodes.

2.5. Similarity in Spectral Evolution

We performed both time-integrated and time-resolved
spectral analyses over the periods of Episodes I, II, and III,
respectively. Our time-resolved spectral analysis seeks to track
the spectral evolution in as much detail as possible. To do so,
we divided the burst duration into 37 time-resolved slices (see
Figure 5 and Table 1), each containing sufficient photon counts
(i.e., 20 counts per spectral bin; Zhang et al. 2018) to ensure
statistical validity. Within each slice, we extracted the count
spectra of GRB 220408B from Fermi/GBM Nal detectors n6,
n7 and BGO detector b1 following the procedures described in
Zhang et al. (2011); Yang et al. (2020a, 2020b, 2022) and Zou
et al. (2021). Corresponding background spectra are acquired
by applying the baseline method (Yang et al. 2020a; Zou et al.
2021) to the time interval from Ty — 98 s to T + 134 s for each
energy channel. The response matrices of the detectors are
generated using the GBM Response Generator.'

For each slice, as well as each episode, we performed a
spectral fit using the Monte Carlo fitting tool MySpecFit (Yang
et al. 2022). All the spectra are fitted by a cutoff power-law
(CPL) model formulated as (Yu et al. 2016)

—(a+2)E

N(E) = AE% & (D

where «, A, and E, are the photon index, normalization
coefficient, and peak energy, respectively.

The results of our spectral fitting are presented in Table 1.
Based on the ratio of Profile Gaussian likelihood to the degree
of freedom (PGSTAT/dof; Arnaud 1996) statistics, our results
indicate that the CPL model can adequately fit the spectra of
the three episodes and time-resolved slices. Using the best-fit
parameters of the CPL model, we plot the spectral evolution of
GRB 220408B in Figure 5, along with the total light curve
summing up the GBM detectors n6, n7, and bl between 10 and
1000 keV. Both « and E, exhibit strong spectral evolution,
roughly consistent with the tracking behaviors as observed in
other GRBs (e.g., Lu et al. 2012).

Further analysis of the spectral evolution is carried out on an
episode-by-episode basis. In Figure 6, we plot « and E, as a
function of the flux, F, in 10-10,000 keV of each time slice for
the three episodes. One can see those observable pairs are
strongly correlated and consistently follow the same tracks of
logE, = 0.467003log F + 4.957017 and a = 0.5670% log F +
2741343, respectively (see also Table 2 for the fitting
parameters). Such consistency suggests that the spectral
evolution patterns of the three episodes are similar, despite the
fact that the global spectra of the burst undergo a hard-to-soft

19 hitps: / /fermi.gsfc.nasa.gov /ssc/data /analysis /rmfit/gbmrsp-2.0.10.tar.bz2
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Figure 4. Spectral lags between the lowest energy band (10-25 keV) and any higher energy bands of the three episodes (Episodes I to III from top to bottom). The
zero lag is shown with a dashed gray line. The horizontal error bars represent the range of energy bands, and the vertical error bars indicate the 1o uncertainties.

transition, which is typically attributed to GRB central engine
characteristics (e.g., Zhang et al. 2018).

3. Model and Fit

The similarities of the three emission episodes, as well as the
overall FRED shape profile, appear to point toward a uniform
origin that produces the observed gamma-ray emissions in a
repeatable manner. A natural explanation for such features is
that the GRB jet may precess while propagating outward from
the central engine (Portegies Zwart et al. 1999; Lei et al. 2007;
Liu et al. 2010). In this section, we further test this hypothesis
by quantitatively fitting the observed data with a precession
model. In addition to the precession itself, our toy model also
considers that the nutation (Portegies Zwart et al. 1999) of the
jet can contribute to the substructure of the light curves.

3.1. The Precession—Nutation Model

Considering the precession and nutation of a GRB jet, the
observer angle, 6, defined as the angle between the jet
propagating direction and line of sight (LOS), varies as a
function of time. A GRB can be significantly observed only
when 6 is less than the jet’s half-opening angle. The periodic
change of # may cause the jet to sweep across the LOS
intermittently, which, when taking into account the intrinsic
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Figure 5. The spectral evolution of the CPL model. The horizontal error bars
represent the time spans, and the vertical error bars indicate the 10 uncertainties
of the best-fit parameters.



Table 1
The Spectral Fitting Results and Corresponding Energy Flux of GRB 220408B
t1 (s) 12 (s) « E, (keV) Flux (erg em 2s7h pgstat/dof t1 (s) 2 (s) «@ E, (keV) Flux (erg em 2s7h pgstat/dof
—0.80 19.50 —0.714583 25111182 1.547093 % 1076 410.2/359 8.02 8.67 —0.647319 270.4914534 2397928 x 106 221.6/358
19.50 41.50 —1.31%39 137.72155°8 2.021933 x 1077 239.2/359 8.67 9.32 —0.714342 172.39+33°% 1297914 x 1076 233.1/358
58.50 85.50 —1.445048 37.81534° 1487238 x 1078 178.0/359 9.32 9.97 —0.95+018 138.58 1408 8.07+4 x 1077 226.3/358
—0.80 0.87 —0.88101¢ 447.157423:33 8.3273% x 1077 199.0/358 9.97 10.92 —0.77:318 167.5213347 7235029 x 1077 220.0/358
0.87 1.52 —0.557538 219.60:% 1.08792) x 106 246.3/358 10.92 11.60 —0.48754 204.27+2848 1.63*01% x 1076 231.0/358
1.52 2.17 —0.497312 258.1673332 212702 % 10°° 230.9/358 11.60 12.25 —0.637947 151.99+1321 9.1153% % 1077 228.2/358
2.17 2.82 —0.437513 2139513011 2.18%01% x 107° 255.9/358 12.25 12.90 —0.597018 161.257239) 1277313 x 1076 240.0/358
2.82 3.15 —0.33%014 260.95433:68 3.15793) x 1076 251.0/358 12.90 13.55 —0.781043 2152818328 1137923 % 1076 255.8/358
3.15 3.47 —0.567513 275.12+42:39 3451038 % 107° 253.2/358 13.55 14.20 —0.797542 181.3919L17 1.0359% x 1076 240.2/358
3.47 3.80 —0.195912 240.45438:24 3105038 x 1076 249.3/358 14.20 14.85 —0.38402 165.44733% 9.70 48 x 1077 223.9/358
3.80 4.12 —0.47+312 283.5074583 3.48%938 % 106 239.7/358 14.85 15.50 —0.615915 113.0271] % 9.0613%0 x 1077 207.8/358
4.12 445 —0.39*512 258.2413%3 324703 x 10°° 230.1/358 15.50 17.97 — 1114343 135.27+18536 3.554033 % 1077 245.7/358
445 477 —0.41%013 256.58734-%% 3.301038 x 1076 242.0/358 23.02 24.62 — 112754 127.66713%511 3255088 % 1077 275.8/358
477 5.10 —0.257913 243.9513¢73 2974032 x 107° 242.7/358 24.62 25.47 —0.58%012 19424333 1135043 x 1070 252.0/358
5.10 5.42 —0.267318 247.39127:43 3124923 x 10°° 231.8/358 25.47 26.55 —0.8379% 94.6313193 431703 x 1077 233.0/358
5.42 6.07 —0.347513 171.57+13:9¢ 1984042 x 106 230.2/358 26.55 28.97 —1.2110% 59.6317%:30 1.9279% x 1077 205.8/358
6.07 6.72 —0.21%7033 114.165 043 1157989 x 1079 219.0/358 28.97 32.90 —0.72530 67.98735% 1487923 x 1077 241.8/358
6.72 7.12 —0.397518 128.75513:23 1427510 x 106 241.3/358 32.90 35.80 — 105798 71.8074%% 1.6979%7 x 1077 201.4/358
7.12 7.70 —0.687919 2691373214 2431022 % 107° 231.6/358 59.30 69.30 —1.21%9% 3411439 320799 x 1078 253.2/359
7.70 8.02 —0.447311 343.19*57 4 3.817932 x 107° 240.2/358 70.50 80.60 —1.3570% 22067230 1555028 x 1078 227.3/359
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emission profiles together, can lead to complex shapes of GRB
light curves, sometimes with repeating (Portegies Zwart et al.
1999; Lei et al. 2007) and emission-missing (Wang et al. 2022)
features.

Our model is illustrated in Figure 7. A GRB jet with a half-
opening angle, 0, is propagating along its direction of 7je;. An
observer resides within the 0j.-cone with an off-axis angle, 0,
with respect to 7. The jet precesses with an angular velocity of
wpre along the z-axis while its rotating axis is nutating with an
angular velocity of wy,. The x-y plane is set accordingly so the
Cartesian coordinate is centered at the GRB central engine. We
also assumed that the intrinsic emission from the jet is shaped
as a FRED function (Kocevski et al. 2003), namely,

r+d
Y[ 4 SV
Fy(t) = Fu| — + L . ©
tm d+r d+ r\ty

where ¢ is measured in the laboratory frame (the jet’s local
frame), ¢, is the time when the flux reaches the peak, F, is the
peak flux, r and d are the power-law exponents for the rise and
decay, respectively.

We then derived the observed flux of our model based on the
above configuration. The direct effect brought by precession
and nutation is the change of # as a function of time, which can

Zhang et al.

N
Tobs

Figure 7. The schematic sketch of the precession-nutation jet model.

be calculated as
0(1) = arccos(Fie (1) * fobs)
= arccos[cos(A(#))cosi + sin(A(?))sini cos(n(1))],
(3

where A(f) is the angle between Fj; (¢) and z-axis, i is the angle
between 7y, and z-axis. 7(¢) is defined as

77(f) = ¢jet(t) - ¢obs’ (4)

where ¢je, and ¢,y represent the separation angles of directions
of the jet (Fe) and observer (7s) to the x-axis, respectively.
According to the kinematical description of the angular
evolution of the jet resulting from the precession and nutation
(Portegies Zwart et al. 1999), A and ¢; can be expressed as

Wpre

() = Ao+ tan A\ cos(wput), 5

Whu

W,
pre
(bjet ® = ¢jet,0 + Wpret +

sin(wyut). (6)
nu
The increasing time intervals between the three episodes
may be due to the slowing down of jet precession, which is a
natural outcome of energy dissipation. We thus assumed a
power-law decay of the precession angular velocity as

R ¢
wpre(t) = Wpre,0 p s @)

C
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Table 2
The Best-Fit Parameters of Linear Models for a—log F', log E,—log F, and log E,,—a Correlations
Line Model Episode I Episode II Whole Burst
k b k b k b
o« =klogF + b 0.70+358 3.48794 0.67+93¢ 3.39*133 0.56+597 2.744043
logEy = klogF + b 047749 4.99%03} 0.5591% 5.577088 046799 4957017
logE, = ka + b 0.069% 2.33101 0.30°9% 23003 0.4979% 2.56+0:0¢

where £ is the decay index, #, is the offset time when the jet
begins to precess, fc is a characteristic timescale.

We assumed a conical jet with a half-opening angle of ;.
and no moving material outside the cone. According to the
derivation in Salafia et al. (2016), the observed GRB flux M(z, 0
(t)) at viewing angle 6(f) in the laboratory frame can be
described by

M(t, (1)) = Fy(t, 0 = 0)

1, 0(1) < O
L@@ — 07
e <in <
4—-/20'/3
1 D fet
ol s 0(1) > O,
21+ /)T
@
where F,(t, 0 = 0) is the observed intrinsic flux when the LOS
is centered on the jet axis, ijet = O — %, =1 -p38y)12is

the Lorentz factor, § is the dimensionless radial velocity of
the jet (i.e., 8= vje/c, c is the speed of light, vj, is the speed
of the jet), and D 1is the Doppler factor defined as
— l 1
D = T Feos@0) — 0" For GRBs, the Lorentz factor, I, is

typically a few hundred. In this work, we fix I" to be I' =300 in
consideration that the bulk Lorentz factor does not significantly
vary during the prompt emission phase. We also verified that
our fitting result is not significantly affected by different values
of I.

Furthermore, one needs to convert the time in the laboratory
frame to the observer frame by (e.g., Zhang 2018)

1 - ﬂcos@(t)t B
1-p
where At is a parameter for adjusting the time offset of the
model light curve.
Finally, the observed flux can be calculated by substituting
Equations (2)—(7) and Equation (9) to Equation (8), which can
be written in form of

M(tobs) = M(tObS’ P)’ (10)
where P represents the parameter set as P = { ),
I, N> Wpre,0» Wnus &5 f0s Iy tms 75 d, Fyyy AL, O, I'}, in which
Tlo is defined as o = (bjet,O - ¢obs~

Tobs = At’ (9)

3.2. The Fit

The next step is to fit our model (Equation (10)) to the
observed light curve. With a fixed parameter of I' =300, the
free parameter set P of our model consists of the following 14
items:

1. The jet’s half-opening angle 6;c. According to Ryan et al.
(2015), the maximum of Oj is smaller than 0.5 radians.
Thus the prior of ;. is set as a uniform distribution
between 0 and 0.5 radians.

2. The initial precession angle )\y. The prior of )\ is set as a
uniform distribution between 0 and 7/2 radians.

3. The observer’s polar angle i. The prior of i is set as a
uniform distribution between 0 and /2 radians.

4. The initial phase 19. The prior of 7, is set as a uniform
distribution between —m and 7 radians.

5. The initial precession angular velocity wpr 0. As there are
at least two precession periods within the ~70 s duration
of the burst, the prior of wyeo is set as a uniform
distribution between 0.18 and 1 rad s~ '. Such a range can
account for the decrease of wpre.

6. The nutation angular velocity wy,. The prior of wy, is set
as a uniform distribution between 0.18 and 2.5rads ™.

7. The precession angular velocity decay index £. The prior
of £ is set as a uniform distribution between 0 and 0.5.

8. The offset time #, of precession angular velocity decay.
The prior of £, is set as a uniform distribution between
—50 and 10 s.

9. The characteristic timescale f- of precession angular
velocity decay. The prior of #c is set as a uniform
distribution between O and 15 s.

10. The peak time #,, of the intrinsic FRED profile. The prior
of t,, is set as a uniform distribution between 0 and 10 s.

11. The rise power-law exponent r of the intrinsic FRED
profile. The prior of r is set as a uniform distribution
between 0.3 and 5.

12. The decay power-law exponent d of the intrinsic FRED
profile. The prior of d is set as a uniform distribution
between 0.3 and 5.

13. The peak flux F, of the intrinsic FRED profile. The prior
of F,, is set as a uniform distribution between 3000 and
7000 ctss .
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14. The time offset At of the model light curve. The prior of
At is set as a uniform distribution between —2 and 2 s.

We then performed the fit using a self-developed Bayesian
Monte-Carlo fitting package McEasyFit (Zhang et al. 2015),
which is based on the widely used Multinest algorithm (Feroz
& Hobson 2008; Feroz et al. 2009). This package can explore
the complete parameter space efficiently to find the reliable
best-fit parameters and determine their uncertainties realisti-
cally by the converged Markov Chains. The log-likelihood
function can be calculated as:

LL = InL(M|P) = %Z[

F(tobs,i) - M(tobs,is P) ]2’ (11)
i=1 i

Oj

where o5 ; and F(Zops ;) Tepresent the observed time and count
rate of the i data point of the light curve. F(fyps ;) is calculated
by summing up the count rate of the GBM detectors n6, n7, and
bl between 10 and 1000 keV at z,,s; with a bin size of 0.25s
(blue curve in Figure 8(b)), M(tops;, P) is the model flux
calculated at oy ;, 0; is the error of F(ops ;) estimated using the
Poisson parameter confidence interval (Gehrels 1986).
Furthermore, the model is required to reproduce two significant
peaks in Episode III. Such a condition is guaranteed by forcing
LL to be — ocowhenever M (fops, P) < 36 during the time
intervals of 61.3s <fyps <62.3s and 72.08 <ty <72.5s,
where & = 96.8 ctss™' is the variance of the observed
background rate.

3.3. The Result

The best-fit model and the corner plot of the posterior
probability distributions of the parameters are shown in Figure
8. Our model successfully fits the observed light curve with
PGSTAT/dof = 809.2/626. The best-fit parameters are listed
in Table 3. Our results suggest that the precession-nutation
model can well explain the main features of the observed light
curve and point to an intrinsic FRED shape emission with
ro= 159700 d = 222700, 1, = 576313 s and F,, =
47433878532 ctss™' produced by a precessing jet with an
initial precession period of 18.4 4= 0.2 s and a nutation period of
11.1 0.2 s. Such an intrinsic shape was modulated to be a
periodic-like and missing pattern as observed in GRB
220408B.

Based on the best-fit parameters in Table 3 and Equation (3),
we can calculate that the observer angle 6 is always smaller
than the jet’s half-opening angle 0je,, suggesting that the change
of # does not dominate the change of the laboratory frame
observed flux. The lower limit of the jet’s half-opening angle
can be derived as Giejolim = Amax + imax = 1.05 x 1073 rad.
On the other hand, the precession-nutation effect modulates the
shape of the observed light curve mainly through the
conversion of photons’ observed time between the laboratory
frame and the observer frame (i.e., Equation (9)) rather than the

Zhang et al.

direct influence to the laboratory frame intrinsic light curve
(i.e., Equation (8)). As a result of the conversion of arrival time
between the two frames, the number of arriving photons is
redistributed in the observer frame. At certain times, the arrival
of photons is more concentrated, which results in the peak
structures in the light curve.

4. Summary and Discussion

This paper proposes that the observed three-episode feature
of GRB 220408B can be explained by a precessing jet. Based
on the similarities between the three episodes in light curve
profile, spectral evolution, and spectral lags, we concluded that
they may have the same origin and may be the result of jet
precession. A jet-precession model can be successfully used to
fit the light curve of GRB 220408B, which assumes a FRED
shape light curve that precesses and nutates with slowing
precession angular velocity. Our fit suggests that the photon
arrival time change in different frames resulting from the
precession jet plays a prominent role in shaping the observed
light curve when a GRB is observed off-axis.

Our best-fit model is a precessing jet with an initial
precession period of 18.4703 s and a nutation period of
11.1793 s, based on which we can further estimate the
parameters of the central engine. The analytic expression of
the precession period P can be expressed as

7/13 .
P~ 2793 al”/13 M M
M, My s~}

©

-30/13
) a36/l3 s, (12)

where a, and M are respectively the dimensionless spin
parameter (0 < a, < 1) and the mass of the BH, and M and o
are respectively the accretion rate and the viscosity parameter
of the disk. Assuming the gamma-ray radiation originates from
the BH hyper-accretion processes, the isotropic gamma-ray
luminosity and the mass accretion rate M can be related
through

M =n lcizLﬁ/,isos (13)

where 7 includes the beaming effect and efficiency of
converting accretion material to gamma-ray radiation. The
redshift of GRB 220408B remains uncertain, but we can make
arough estimation by assuming it adheres to the Amati relation
for Type 1II GRBs. This relation 1is given as
logE, , = alog Ei,, — b, where the rest frame spectral energy
peak is E,,=E,.s/(1 +2), and the total isotropic energy
E;, = 47Tdf*ﬂuence/ (1 + z). The values for the best-fit
parameters, a = 0.38 and b = 17.76, are obtained from a
recent study (Sun et al. 2023). Using these parameters, we find
that the best-fit redshift of GRB 220408B corresponds to a
value of z = 2.0. Then, we can calculate the corresponding
isotropic gamma-ray luminosity L., to be approximately
45x 10" ergs™!. By substituting Equation (12) into



Research in Astronomy and Astrophysics, 23:115023 (11pp), 2023 November

n

%% % % % %% Y%

I
L, %,
%

Yo % Y

el i@ O @ @D | 4O 4N &

Ao=6.4571382 x 104 ( )

=3.085:3%24 x 10-¢

5000

4000

3000

2000

Rate (Counts/s)

1000

Zhang et al.

—— observed light curve |
—— model

0

of

Time (s)

s

jf—\-\ Frn=4743.382+83%

-t @e 8P «© Ed &=

FEES S ST
Iy i n

=g PO ®© N>

Figure 8. (a) Corner plot of the posterior probability distributions of the parameters. The red error bars represent the 1o uncertainties. The contours in the 2D
histograms represent 1o, 1.50, and 20 uncertainties, respectively. (b) Light curves of GRB 220408B and the best-fit precession-nutation model.

Table 3

The Best-Fit Parameters of the Light Curve in 10-1000 keV Range
Parameter Range Best-fit
Oiei(rad) (0, 0.5] 0.33+018
Ao(rad) [0, 7/2] 645750 x 1074
i(rad) [0, ©/2] 3.097567 x 1074
no(rad) [—m, m) 3.0519%
Wpre,0(rad s [0.18, 1.0] 0.347591
Wya(rad s71) [0.18, 2.5] 0.57 3%
¢ [0, 0.5] 0325001
10 (s) [—50, 10] 0.28+537
tc (s) (0, 15] 11.26705¢
I (5) (0, 10] 576313
r [0.3, 5.0] 1597044
d [0.3, 5.0] 222430
Fp (ctss™h) [3000, 7000] 4743.38F¢834
At (s) [—2.0, 2.0] —1.261992

10

Equation (13), we obtain

13/7 —-17/7 —-30/7
e () () ()
18.4s 0.9 0.05

X L'y,iso 30/7( 83 )36/7 (14)
4.5 x 105%erg s~! 0.0125 )

Here, we utilized o ~ 1.} ~ slﬁ = 0.01 (e.g., Hou et al
2014b) for a typical accretion timescale of f,..=80s, and a
preferred a, = 0.9 for the collapsar model (e.g., Popham et al.
1999; Lei et al. 2007; Liu et al. 2010). Additionally, we
adopted a value of 0.05 for the 5 parameter, although it is
essential to acknowledge that this choice is somewhat arbitrary,
given the inherent uncertainty associated with this parameter in
theory. In the literature, a range of values between 0.01 and
0.15 have been employed (e.g., Cannizzo & Gehrels 2009; Hou
et al. 2014a, 2014b). With the parameters mentioned above, the
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estimated black hole mass of 2.1 M, aligns with predictions
from collapsar models (Popham et al. 1999).

Additionally, it is worth noting that our model maintains a
fixed jet bulk Lorentz factor at the typical value of I' =300.
Our analysis has verified that variations in the I' value have
negligible impact on the profile of the model’s light curve,
thereby not substantially influencing our fitting outcomes.
Furthermore, in view of computation costs, our model, which
already has 14 free parameters, does not incorporate the
reproduction of the observed spectral evolution. Although, in
principle, such an evolution can be attributed to the Doppler
factor change predicted by our model, a realistic model should
also take into account the intrinsic central engine behaviors that
result in the observed spectral evolution, which adds even more
complexity to the model but will be left for future study.
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