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Abstract

As of 2023 December, the Neil Gehrels Swift Observatory satellite has detected more than 1600 gamma-ray bursts
(GRBs). We select 307 Type II GRBs for constructing the luminosity function (LF) based on the following criteria:
(1) duration T90� 2 s; (2) conformity with the Amati relation for Type II GRBs; and (3) peak flux P� 1 photon
cm−2 s−1. We explore two general forms of the GRB LF: a broken power-law (BPL) LF and a triple power-law
(TPL) LF. We consider three evolutionary scenarios: no evolution, luminosity evolution, and density evolution.
We find that the no-evolution model can be excluded, while both the luminosity and density evolution models
effectively account for the observations. This result is consistent with previous studies on long-duration GRBs
(LGRBs). However, our Type II GRB sample favors a BPL LF, in contrast to the preference for a TPL function
discovered for LGRBs.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Luminosity function (942); Star forma-
tion (1569)

1. Introduction

Gamma-ray bursts (GRBs) are among the most energetic
explosive events in the Universe, detectable across vast cosmic
distances, from nearby regions to the farthest observable areas
(R. Salvaterra et al. 2009; N. Gehrels & S. Razzaque 2013;
Z. Cano et al. 2017). The highest recorded redshift for GRBs is
z∼ 9.4 (A. Cucchiara et al. 2011), and with the successful
launch of SVOM in 2024 June, it is now expected that GRBs
will be detected at redshifts as high as z∼ 12 (M. Llamas Lanza
et al. 2024), highlighting their significant potential as probes for
cosmological studies. Since the launch of the Neil Gehrels
Swift Observatory (Swift) satellite in 2004 (N. Gehrels et al.
2004), more than 1600 GRBs have been detected, with redshift
measurements available for about 500.

GRBs are generally categorized by their duration T90: long-
duration GRBs (LGRBs), lasting more than 2 s, and short-
duration GRBs (SGRBs), lasting less than 2 s (E. P. Mazets
et al. 1981; C. Kouveliotou et al. 1993; O. Bromberg et al.
2013). LGRBs are believed to originate from the collapse of
massive stars, supported by the association of some LGRBs
with supernovae (SNe; T. J. Galama et al. 1998; P. L. Kelly
et al. 2008; K. M. Svensson et al. 2010), and their frequent
occurrence in star-forming regions (T. Totani 1997;
J. S. Bloom et al. 1998). In contrast, SGRBs are thought to
result from mergers of compact binary systems, with evidence
including their association with kilonovae (N. R. Tanvir et al.
2013; E. Troja et al. 2019; Z.-P. Jin et al. 2020) and
gravitational waves (B. P. Abbott et al. 2017).

If the standard models of GRBs hold true, they could serve
as reliable standard candles at high redshifts. Studies using
GRBs to constrain cosmological parameters often rely on
empirical correlations observed within GRBs themselves
(F. Y. Wang et al. 2015). However, the precision of these

constraints is typically an order of magnitude lower than that
achieved with Type Ia SNe (A. G. Riess et al. 1998). Although
efforts have been made to improve GRB-based cosmological
constraints by focusing on GRBs with similar spectral
characteristics, such as those exhibiting a plateau phase
(F. Y. Wang et al. 2022; X. Tian et al. 2023), these approaches
have yet to reach precision comparable to that of Type
Ia SNe.
A fundamental issue is the relationship between the GRB

event rate and the star formation rate (SFR). LGRBs are widely
believed to result from SN explosions of massive Wolf–Rayet
stars (N. Langer et al. 2010), with their occurrence rate
expected to closely mirror the SFR. However, this correlation
remains debated. Some studies report a consistent alignment
between the GRB occurrence rate and the SFR (J. Elliott et al.
2012; J.-M. Hao & Y.-F. Yuan 2013; A. Pescalli et al. 2016).
Conversely, other studies suggest that the GRB event rate
significantly exceeds expectations, particularly at high redshifts
(M. D. Kistler et al. 2008; H. Yüksel et al. 2008; F. Y. Wang &
Z. G. Dai 2009; F. J. Virgili et al. 2011), while others indicate
an excess at lower redshifts (V. Petrosian et al. 2015; H. Yu
et al. 2015; A. Tsvetkova et al. 2017; G. Q. Zhang &
F. Y. Wang 2018; N. M. Lloyd-Ronning et al. 2019;
X. F. Dong et al. 2022).
G.-X. Lan et al. (2021) found that when constructing the

luminosity function (LF) of Swift LGRBs, the triple power-law
(TPL) model provides a significantly better fit compared to the
broken power-law (BPL) model, which is also found by H. Sun
et al. (2015). BPL or single power-law (SPL) models are more
common forms of LFs (V. Petrosian et al. 2015; H. Yu et al.
2015; N. M. Lloyd-Ronning et al. 2019), while the TPL is
relatively rare. M. G. Dainotti et al. (2021) suggests that the
TPL LF could possibly be caused by an excess of low-redshift
sources. V. Petrosian & M. G. Dainotti (2024) found that at low
redshifts (z< 2), the event rate of LGRBs exceeds the SFR, and
the excess resembles the shape of a delayed SFR. In contrast, at
high redshifts, the event rate of LGRBs aligns more closely
with the SFR. Y.-K. Qu et al. (2024) hypothesized that all high-
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redshift GRBs originate from the collapse of massive stars and
fit the LF of high-redshift GRBs. When this LF is extended to
low redshifts, it significantly underestimate the observed
number of low-redshift LGRBs. This strongly supports the
idea that a considerable fraction of low-redshift LGRBs may
not originate from massive star collapses. The LF of collapsar
GRBs is generally well described by a BPL model. In contrast,
H. Sun et al. (2015) found that the LF of merger-origin GRBs
can be described by a SPL model. It is well known that merger-
origin GRBs tend to have lower average luminosities compared
to collapsar GRBs (E. Berger 2014). If LGRBs are a
combination of higher-luminosity collapsar GRBs that follow
a BPL LF and lower-luminosity merger-origin GRBs that
follow an SPL LF, it naturally leads to the formation of a TPL
LF. In this study, we select a pure sample of Type II GRBs to
rigorously test the LF models.

When analyzing the LF of GRBs using Swift data, two
significant challenges must be addressed. The first challenge
pertains to selection effects. Observational samples are
inherently subject to various instrumental biases and selection
effects, which complicate the task of accurately uncovering the
intrinsic distribution and evolutionary characteristics of LGRBs
(J. S. Bloom 2003). In particular, not all faint GRBs that barely
surpass Swift’s detection threshold will successfully trigger the
detector, further skewing the observed sample. The second
challenge involves redshift completeness. While the redshift
completeness of Swift-detected GRBs is approximately 30%
(O. Bromberg et al. 2013), a substantial improvement over
earlier detectors like BATSE (C. Kouveliotou et al. 1993) and
Konus-Wind (E. P. Mazets et al. 1981), the observed redshift
distribution may still not faithfully reflect the true intrinsic
distribution of GRBs.

To tackle these challenges, two distinct approaches can be
employed. The first approach leverages a sample characterized
by high redshift completeness and high luminosity.
R. Salvaterra et al. (2012) proposed a set of criteria for
selecting a complete high-redshift sample. Before 2011 May, of
the GRBs detected by Swift, 58 met these criteria, with 52
having associated redshifts, resulting in a redshift completeness
of 90%. A. Pescalli et al. (2016) refined this sample, identifying
99 GRBs, of which 82 had redshift measurements, yielding a
redshift completeness of 82%. Despite the robustness of this
method, the limitation lies in the small sample size.
Furthermore, it is important to highlight that as the operational
duration of Swift extends, the quality of its data gradually
declines. When applying R. Salvaterra et al. (2012)’s criteria to
Swift GRBs up until 2023 December, the redshift completeness
reduces to 68%. The second approach involves employing an
incomplete sample while meticulously accounting for the
impact of various selection effects.

In this paper, we utilize Swift GRB data up until 2023
December to isolate a purely Type II GRB sample, reconstruct
its LF, and investigate the evolution of GRBs with redshift to
distinguish between different models. In Section 2, we describe
the sample and selection criteria. Section 3 details our methods
for constructing the LF and the fitting process. Section 4
presents the results (see Table 1 for details), followed by a brief
discussion in Section 5. Throughout this paper, a flat ΛCDM
cosmological model with H0= 70 km s−1 Mpc−1, Ωm= 0.3,
and ΩΛ= 0.7 is adopted.

2. Samples

As of 2023 December, the Swift Burst Alert Telescope (BAT)
has detected a total of 1612 GRBs,4 among which 514 have
associated redshift measurements.5 The conventional classifi-
cation based on T90= 2 s to distinguish between long and short
GRBs tends to incorporate some Type I GRBs (or compact star
GRBs) into the sample of LGRBs. Our objective is to identify a
pure sample of Type II GRBs. B. Zhang et al. (2009) proposed
a stringent and well-defined criterion for differentiating
between Type I and Type II GRBs. However, many of the
criteria—such as an SN signature, specific star formation rate
(SSFR) information, or the nature of the circumstellar medium
—are often lacking observational data for many GRBs. For
instance, with regard to SN signatures, only a small fraction of
GRBs exhibit a clear SN signature, and these are predomi-
nantly observed at low redshifts (M. G. Dainotti et al. 2022).
Consequently, this criterion is insufficient for constructing a
complete sample or for determining the type of every GRB. To
more effectively identify a Type II sample, we employed the
following three criteria:

(1) Peak flux. P� 1 photon cm−2 s−1.

One of the challenges in studying the LF of GRBs is
accounting for selection effects. The Swift/BAT trigger system
is complex, and its sensitivity to GRBs cannot be easily
parameterized (D. L. Band 2006). Consequently, not all low-
power GRBs with peak fluxes just above the instrument’s
threshold are successfully triggered. A practical approach to
mitigating these selection effects is to increase the peak-flux
threshold when selecting GRBs. Assume that the intrinsic
peak-flux distribution of GRBs follows a BPL. As shown in
Figure 1, for GRBs with peak fluxes P�1 photon cm−2 s−1,
the observed peak-flux distribution agrees well with the BPL
model. However, for GRBs with P< 1 photon cm−2 s−1, the
distribution deviates significantly from the BPL model. This
deviation is likely caused by selection effects. To mitigate the
impact of selection effects on our results, we limit our sample
to GRBs with P� 1 photon cm−2 s−1.

(2) Duration. T90,i� 2 s.

T90,i represents the intrinsic duration of a GRB, defined as
T90/(1+ z). The bimodal distribution of GRBs, characterized by
their T90 duration into long and short bursts, was first observed
by Konus-Wind (E. P. Mazets et al. 1981) and later corroborated
by data from BATSE (C. Kouveliotou et al. 1993) and Swift
(O. Bromberg et al. 2013). Using T90= 2 s to classify GRBs into
two types is a qualitative rather than a quantitative method. This
threshold is based on the minimum value at the trough between
the two peaks of the bimodal T90 distribution. For a more
quantitative analysis of the intrinsic duration of GRBs, the GRB
duration for an accretion-powered engine can be defined as
(O. Bromberg et al. 2012; B. Zhang 2025):

( ) ( ) -T t t tmax , . 1GRB ff acc bo

Here, tff represents the freefall timescale of the progenitor star,
which indicates the time required for the available material to

4 https://swift.gsfc.nasa.gov/archive/grb_table/
5 See https://swift.gsfc.nasa.gov/results/batgrbcat/summary_cflux/summary_
general_info/GRBlist_redshift_BAT.txt and the references listed in the table note
for Table 2
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fall onto the disk, such as at its outer boundary. tacc denotes the
typical timescale for a mass element to migrate from the disk’s
outer boundary to the central object. Lastly, tbo corresponds to
the time needed for the jet to penetrate and escape the envelope
of the progenitor system.

For Type I GRBs, tff= tacc, so TGRB; tacc− tbo. With
typical parameter values, one can estimate TGRB< 2 s. In
contrast, for Type II GRBs, tff? tacc, so TGRB; tff− tbo.
Since tff? tbo in most scenarios, the intrinsic duration of the
GRB is primarily determined by tff. Consequently, the use of
T90,i as a classification criterion to distinguish between Type I
and Type II GRBs is not only reasonable and consistent with
their respective physical timescales but also aligns with

common practices in previous studies (B. Zhang et al.
2009; H.-J. Lü et al. 2010; P. Y. Minaev &
A. S. Pozanenko 2020).
On the other hand, many factors can affect the observed

duration of GRBs, including background noise, viewing angle,
and signal-to-noise ratio (SNR; D. Kocevski & V. Petrosian
2013; M. Moss et al. 2022). These effects are particularly
significant for faint GRBs. From Figure 8 of D. Kocevski &
V. Petrosian (2013), it can be seen that for low-luminosity,
low-SNR GRBs, the observed duration can be as short as one-
tenth of the intrinsic duration. However, for bright GRBs with a
peak flux P� 1 photon cm−2 s−1, the observed duration, while
still slightly shorter than the intrinsic duration, maintains a

Figure 1. The peak-flux distribution for the 1612 GRBs recorded by Swift/BAT. The red solid line represents the best-fit result to the observed peak-flux distribution
for bursts with P � 1 photon cm−2 s−1, modeled using a BPL function. The dashed line indicates the flux threshold of 1 photon cm−2 s−1, above which the effect of
instrumental selection biases on the detection of fainter bursts is minimized.

Table 1
Best-fitting Parameters for Different Models

Model Evolution Parameter a b c log Lc ln L AIC
(erg s−1)

BPL LF

No evolution L - -
+0.34 0.03

0.03 - -
+1.24 0.27

0.27 L -
+52.78 0.12

0.11 −150.46 308.92

Luminosity evolution d = -
+1.74 0.22

0.24 - -
+0.36 0.07

0.07 - -
+1.08 0.16

0.19 L -
+51.55 0.19

0.18 −127.52 265.04

Density evolution d = -
+1.36 0.20

0.21 - -
+0.56 0.06

0.06 - -
+1.31 0.27

0.26 L -
+52.91 0.13

0.12 −128.11 266.22

TPL LF

No evolution L - -
+0.99 0.70

0.75 - -
+0.33 0.05

0.05 - -
+1.24 0.25

0.23
-
+

-
+50.16 , 52.760.41

0.36
0.09
0.08 −149.67 311.34

Luminosity evolution d = -
+1.79 0.36

0.24 - -
+1.01 0.61

0.54 - -
+0.32 0.12

0.11 - -
+1.11 0.19

0.13
-
+

-
+50.24 , 51.530.44

0.35
0.28
0.17 −126.32 266.64

Density evolution d = -
+1.34 0.32

0.31 - -
+1.29 0.23

0.18 - -
+0.55 0.09

0.08 - -
+1.31 0.21

0.22
-
+

-
+49.94 , 52.910.22

0.19
0.11
0.10 −127.65 269.30

Note. The parameter values were obtained as the medians of the most optimal parameters from the Monte Carlo sample, with uncertainties denoted by the 68%
confidence intervals surrounding these median values.
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stable proportional relationship with the intrinsic duration.
Since our sample consists of GRBs with peak flux P� 1
photon cm−2 s−1, T90,i serves as a reasonable proxy for the
intrinsic duration of GRBs in this study.

(3). Conforms to the Amati relation for Type II GRBs.

The Amati relation (L. Amati et al. 2002; L. Amati 2006;
L. Amati et al. 2008) is one of the well-known empirical
relationships in GRB studies, and serves as an important
criterion for distinguishing between Type I and Type II GRBs
(B. Zhang et al. 2009). In this study, we used the Amati
relation to identify Type II GRB samples. The Ep,i and Eiso

values of all LGRBs with known redshifts are shown in
Figure 2, where Ep,i= Ep× (1+ z) and Eiso can be obtained
as follows

/
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The distribution presented in Figure 2 exhibits somewhat
broader dispersion compared to previous Type II Amati

relations (e.g., X. D. Jia et al. 2022). This broader dispersion
is primarily attributed to the narrow energy band (15–150 keV)
of Swift/BAT data, which restricts its ability to accurately
constrain the high-energy spectral components of GRBs
(S. D. Barthelmy et al. 2005; T. Sakamoto et al. 2011).
Consequently, only approximately 200 GRBs have spectra
characterized by Band function fitting (D. Band et al. 1993).
For GRBs where Band spectral fitting was unavailable, Ep

values were adopted from cutoff power-law (CPL) model fits
reported in previous studies. While simpler and easier to apply,
the CPL model often results in less precise constraints on Ep,
leading to a more dispersed Ep–Eiso relationship. For our LF
analysis, it was necessary to use a sample as large as possible.
As a result, our sample includes both GRBs with Band spectral
fits and those with CPL fits. While this combination ensures a
sufficiently large data set, the inclusion of CPL-fitted GRBs
introduces broader scatter into the Type II Amati relations, as
shown in Figure 2.
The shaded region in Figure 2 represents the 1σ dispersion

range of the best-fit model, where σ refers to the standard
deviation of the residuals (σresiduals) between the observed data
points and the best-fit line. Notably, our sample contains three
GRBs (GRB 050724, GRB 060614, and GRB 061006) from
the Type I Gold sample identified by B. Zhang et al. (2009), all
of which are robustly excluded by our selection criteria. These
GRBs are marked with triangular symbols in Figure 2.
Additionally, two LGRBs with substantial evidence of being
associated with compact binary mergers (GRB 211211A and
GRB 230307A) are also indicated in Figure 2. GRB 211211A

Figure 2. The relationship between Eiso and Ep,i for all Swift GRBs with T90 � 2 s. We applied the classic Amati relation to fit the Eiso–Ep,i curve. The shaded area
represents the 1σ confidence interval. Sources within the shaded region are classified as type II GRBs.
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(T90> 30 s, z= 0.076) and GRB 230307A (z= 0.0646,
T90∼ 35 s) were not observed by Swift, and thus are not
included in our sample; nevertheless, they are effectively
excluded by our selection criteria.

Notably, a total of seven GRBs situated below the shaded
region in Figure 2 include two GRBs (GRB 211024B and
GRB 171205A) where the Ep values were inferred using the
empirical Ep–L correlation, owing to the absence of direct
spectral measurements. Moreover, two additional GRBs
(GRB 140301A and GRB 141026A) were fitted with Band
spectra but lacked the α parameter, necessitating the use of the
default value of −1 (G.-X. Lan et al. 2021). The remaining
three GRBs were modeled using CPL spectra instead of Band
spectra. The observed deviations of these GRBs below the
shaded region in Figure 2 can likely be attributed to the
limitations in the quality of the available data for these events.

The final sample comprises 307 Swift GRBs that meet the
above selection criteria. The names of these GRBs along with
the references are listed in Table 2.

3. Analysis Method

The maximum likelihood method serves as a powerful tool
for determining the optimal parameters in models with multiple
variables (H. L. Marshall et al. 1983; T. Narumoto & T. Totani
2006; M. Ajello et al. 2009, 2012; A. A. Abdo et al. 2010;
H. Zeng et al. 2014, 2016; G.-X. Lan et al. 2019, 2021, 2022;
Y. Qu et al. 2019). For our purposes, the likelihood function
can be written as

( ) ( ) ( )= - F
=

 N L z texp , , , 3
i

N

i i iexp
1

obs

where Nexp represents the expected number of GRBs, Nobs

denotes the observed sample count, and Φ(L, z, t) is the
observed rate of bursts per unit time at redshift z∼ z+ dz with
luminosity L∼ L+ dL, given by

( )

( ) ( )
( )

( ) ( )
p
q

y
f

F =

= ´

=
DW

+
´

L z t
d N

dtdzdL
d N

dtdVdL

dV

dz

P
z

z
L z

dV

dz

, ,

4 1
, . 4

3

3

Here, ΔΩ= 1.4 sr (half-coded; S. D. Barthelmy et al. 2005)
represents the field of view of Swift/BAT. θ(P)≡ θγ(P)θz(P) is
the detection efficiency, which accounts for the likelihood of
triggering and measuring the redshift for a burst with peak flux
P. Our sample is defined by a selection criterion of P� 1
photon cm−2 s−1, under which we adopt the assumption
θγ(P)= 1. For θz(P), we apply the model presented by
G.-X. Lan et al. (2021), where θz(P) is expressed
as ( )

( ) ( )
q =

+  ´ 
Pz

1

1 2.09 0.26 0.96 0.01 P .
The function ψ(z) describes the comoving event rate of

GRBs (in units of Mpc−3 yr−1) as a function of redshift z, with
the factor (1+ z)−1 accounting for cosmological time dilation.
The term f(L, z) is the normalized GRB LF, which may
evolve with redshift depending on the model. The comoving
volume element in a flat ΛCDM model is given by

( ) ( )
( ) ( )

= p

+ W + +WL

dV z

dz

cD z

H z z

4

1 1

L

m

2

0
2 3

, where DL(z) is the luminosity

distance at redshift z.
Within the collapsar model framework, each GRB signals

the death of a massive star, suggesting that the GRB formation
rate ψ(z) is inherently tied to the SFR, ψå(z), where
ψ(z)= ηψå(z). Here, η represents the GRB formation effi-
ciency. The SFR ψå(z), in unit of Me yr−1 Mpc−3, can be
approximated as (A. M. Hopkins & J. F. Beacom 2006;
L.-X. Li 2008)
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where A is a normalization constant. a and b are the power-law
indices before and after the break luminosity Lc. If this BPL
model does not fit the data well, a TPL form is considered
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where a, b, and c are the power-law indices for the three
segments, with Lc1 and Lc2 as the break luminosities.
Given the flux threshold for 100% trigger efficiency (i.e.,

Plim= 1 photon cm−2 s−1 in the 15–150 keV energy band), the
expected number of GRBs can be expressed as

( ( )) ( )

( ) ( ) ( )
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q
y

f

=
DW

+
´

N
T

P L z
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z
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,
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L L z
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max

The current duration of Swift’s mission, encompassing the
time span used in our analysis, is approximately 19 yr, thus
T≈ 19 yr. Considering the current BAT sample, which
includes data up to a redshift of z< 10, we set the maximum
redshift for our analysis as zmax= 10. The LF is assumed to
extend from Lmin= 1049 erg s−1 to Lmax= 1055 erg s−1

(A. Pescalli et al. 2015). The luminosity threshold defined in
Equation (8) is written as follows

/

/

( ) ( )
( )

( )
( )( )

( )
ò

ò
p= +

+

L z D z P
EN E dE

N E dE
4 . 9L

z

z

lim
2

lim
1 1 keV

10 1 keV

15 keV

150 keV

4

In this context, N(E) represents the photon spectrum of
GRBs. We adopt a typical Band function spectrum (D. Band
et al. 1993; Y. Kaneko et al. 2006), characterized by low-
energy and high-energy spectral indices of −1 and −2.3,
respectively. To broadly estimate the spectral peak energy Ep
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Table 2
The 307 Swift GRBs Used in This Study

GRB References GRB References GRB References GRB References GRB References GRB References

041228 (3) 061121 (30) 081008 (31) 110818A (1 , 3) 140430A (1 , 4) 180314A (2 , 16)
050219A (1 , 3) 061126 (30) 081102 (3) 111008A (1 , 3) 140506A (1 , 3) 180325A (1 , 17)
050315 (1 , 3) 061202 (1 , 4) 081109A (1 , 3) 111107A (1 , 3) 140509A (1 , 4) 180329B (1 , 18)
050318 (30) 061222A (2 , 3) 081121 (31) 111228A (1 , 3) 140512A (1 , 3) 180404A (1)
050319 (1 , 4) 061222B (1 , 3) 081203A (2 , 3) 111229A (1 , 4) 140518A (1 , 3) 180510B (1)
050401 (30) 070103 (1 , 4) 081210 (1 , 3) 120118B (1 , 3) 140629A (1 , 3) 180620B (1 , 19)
050410 (3) 070306 (1 , 4) 081221 (32) 120119A (1 , 3) 140703A (1 , 3) 180624A (1 , 4)
050502B (1 , 3) 070318 (1 , 4) 081222 (31) 120326A (1 , 3) 140710A (1 , 3) 180720B (1 , 2)
050505 (1 , 4) 070328 (1 , 4) 090102 (31) 120327A (1 , 3) 140907A (1 , 5) 180728A (1 , 20)
050525A (2 , 3) 070419B (1 , 4) 090113 (1 , 4) 120404A (1 , 4) 141109A (1 , 4) 181020A (1 , 21)
050603 (30) 070420 (1 , 2) 090201 (1 , 3) 120521C (1 , 4) 141220A (1 , 3) 181110A (1 , 22)
050716 (3) 070508 (3) 090401B (3) 120624B (1 , 2) 141221A (1 , 6) 181213A (1 , 2)
050801 (1 , 3) 070521 (32) 090404 (1 , 3) 120712A (1 , 3) 141225A (1 , 4) 190106A (1 , 23)
050802 (1 , 4) 070529 (1 , 3) 090418A (2 , 3) 120722A (1 , 4) 150120B (1 , 7) 190114C (1 , 24)
050820A (2 , 3) 070612A (2 , 3) 090424 (31) 120729A (1 , 3) 150206A (1 , 4) 190324A (2 , 25)
050822 (1 , 4) 070621 (3) 090516A (2 , 3) 120802A (1 , 3) 150301B (1 , 4) 190613A (1 , 26)
050922B (1 , 3) 070721B (1 , 3) 090530 (1 , 3) 120811C (32) 150314A (1 , 4) 190719C (1 , 27)
051008 (1 , 4) 070808 (3) 090618 (32) 120815A (1 , 4) 150323A (1 , 4) 191004B (2 , 28)
051016B (1 , 3) 070810A (2 , 3) 090709A (3) 120907A (1 , 3) 150403A (1 , 4) 191011A (2 , 29)
051109A (30) 071003 (31) 090715B (33) 120909A (2 , 3) 150413A (1 , 4) 191019A (2)
051111 (1 , 3) 071010B (1 , 3) 090812 (33) 120922A (1 , 3) 150424A (1 , 2) 191221B (1 , 2)
060110 (3) 071025 (1 , 3) 090904B (3) 121024A (1 , 4) 150727A (1 , 4) 200205B (1 , 2)
060111A (1 , 3) 071028B (2 , 3) 090926B (1 , 3) 121027A (1 , 4) 150818A (1 , 4) 200528A (1 , 2)
060111B (3) 071112C (1 , 3) 091018 (32) 121117A (1 , 4) 150910A (1 , 4) 200829A (1 , 2)
060116 (1 , 2) 071117 (30) 091020 (32) 121128A (1 , 3) 151021A (1 , 8) 201020A (1 , 2)
060117 (1 , 2) 080205 (1 , 3) 091024 (32) 121209A (1 , 3) 151027A (1 , 3) 201021C (1 , 2)
060204B (1 , 3) 080207 (32) 091029 (32) 121211A (1 , 3) 151029A (1 , 4) 201024A (1 , 2)
060210 (32) 080210 (1 , 4) 091109A (2 , 4) 121217A (1 , 2) 151031A (1 , 3) 201216C (1 , 2)
060223A (2 , 3) 080310 (1 , 4) 091127 (32) 130215A (1 , 3) 151111A (1 , 4) 201221A (1 , 2)
060306 (32) 080319A (1 , 3) 091208B (1 , 3) 130408A (1 , 3) 151112A (1 , 4) 210104A (1 , 2)
060319 (1 , 4) 080319B (30) 100418A (1 , 4) 130420A (33) 151215A (1 , 3) 210112A (1 , 2)
060418 (30) 080319C (30) 100425A (1 , 4) 130427A (33) 160104A (1 , 2) 210207B (1 , 2)
060501 (3) 080325 (1 , 4) 100606A (3) 130427B (1 , 3) 160121A (1 , 3) 210210A (1 , 2)
060502A (3) 080411 (30) 100615A (1 , 3) 130505A (1 , 4) 160131A (1 , 4) 210217A (1 , 2)
060505 (1) 080413A (2 , 3) 100621A (1 , 3) 130528A (3) 160203A (1 , 3) 210321A (1 , 2)
060510A (3) 080413B (31) 100704A (2 , 3) 130606A (1 , 3) 160228A (1 , 3) 210610A (1 , 2)
060526 (30) 080430 (1 , 4) 100728A (1 , 3) 130610A (1 , 3) 160327A (1 , 3) 210610B (1 , 2)
060607A (2 , 3) 080515 (1 , 3) 100728B (1 , 3) 130701A (33) 160425A (1) 210619B (1 , 2)
060707 (30) 080602 (1 , 4) 100814A (1 , 3) 130831A (33) 160703A (1 , 2) 210722A (1 , 2)
060708 (1 , 3) 080603B (31) 100902A (2 , 4) 130907A (33) 160804A (1 , 9) 210731A (1 , 2)
060714 (1 , 4) 080605 (31) 100906A (1 , 3) 130925A (2 , 3) 161014A (1 , 4) 210822A (1 , 2)
060719 (1 , 4) 080607 (31) 110106B (1 , 3) 131030A (33) 161017A (1 , 10) 211211A (1 , 2)
060729 (30) 080707 (1 , 4) 110205A (1 , 3) 131103A (1 , 4) 161117A (1 , 11) 211227A (1 , 2)
060814 (30) 080721 (31) 110213A (1 , 3) 131105A (33) 161129A (1 , 4) 220101A (1 , 2)
060904B (1 , 3) 080804 (32) 110422A (1 , 3) 131227A (1 , 4) 170113A (1 , 12) 220117A (1 , 2)
060906 (1 , 4) 080805 (1 , 4) 110503A (1 , 3) 140206A (33 , 34) 170202A (1 , 13) 220521A (1 , 2)
060908 (30) 080810 (31) 110709B (1 , 3) 140213A (33 , 34) 170604A (1 , 4) 230325A (1 , 2)
060912A (2 , 3) 080906 (1 , 3) 110715A (1 , 3) 140304A (1 , 3) 170705A (1 , 14) 230506C (1 , 2)
060923A (1 , 2) 080916A (2 , 3) 110726A (3) 140311A (1 , 4) 170903A (1) 230818A (1 , 2)
060923B (1 , 4) 080928 (32) 110731A (1 , 3) 140419A (1 , 3) 171209A (1 , 2) 231111A (1 , 2)
060927 (30) 081007 (31) 110801A (1 , 3) 140423A (1 , 3) 180205A (1 , 15) 231118A (1 , 2)
061007 (30) K K K K K K K K K K

Note: The 307 Swift GRBs used in this study. The spectra and redshift references are from the following sources: (1) https://swift.gsfc.nasa.gov/archive/grb_table/;
(2) https://swift.gsfc.nasa.gov/archive/grbtable/; (3) F. Wang et al. (2020); (4) N. R. Butler et al. (2007); (5) B. B. Zhang (2014); (6) H. F. Yu (2014); (7) A. von
Kienlin & E. Burns (2015); (8) S. Golenetskii et al. (2015); (9) E. Bissaldi et al. (2016); (10) D. Frederiks et al. (2016); (11) B. Mailyan & A. Goldstein (2016); (12)
C. B. Markwardt et al. (2017); (13) D. Frederiks et al. (2017); (14) E. Bissaldi & C. Meegan (2017); (15) A. von Kienlin (2018); (16) A. Tsvetkova et al. (2018a); (17)
D. Frederiks et al. (2018a); (18) D. M. Palmer et al. (2018); (19) B. Mailyan (2018); (20) P. Veres et al. (2018); (21) A. Tsvetkova et al. (2018b); (22) D. Frederiks
et al. (2018b); (23) A. Tsvetkova et al. (2019); (24) R. Hamburg et al. (2019); (25) C. M. Hui (2019); (26) S. Poolakkil et al. (2019a); (27) S. Poolakkil et al. (2019b);
(28) D. Svinkin et al. (2019); (29) E. Bissaldi et al. (2019); (30) L. Amati et al. (2008); (31) L. Amati et al. (2009); (32) L. Amati et al. (2019); (33) J. S. Wang et al.
(2016); and (34) A. von Kienlin et al. (2020).
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for a given luminosity L, we adopt the empirical relation Ep–L
(D. Yonetoku et al. 2004; L. Nava et al. 2012)

[ ( )]+ = - +E z Llog 1 25.33 0.53 log .p

To account for potential biases in the connection between the
GRB formation rate and the SFR, as well as the possibility of
evolution in the GRB LF with redshift, we introduce an
additional evolution factor (1+ z)δ, where δ is a free parameter.
We explore three distinct models:

1. the GRB formation rate strictly follows the SFR,
ψ(z)= ηψå(z), and the LF does not evolve with redshift
Lci(z)= Lci,0= constant;

2. the GRB formation rate scales with the SFR, but the
break luminosity in the GRB LF increases with redshift
Lci(z)= Lci,0(1+ z)δ; and

3. the formation rate follows the SFR and includes an
additional evolution factor ψ(z)= ηψå(z)(1+ z)δ, while
the LF remains unevolved.

For each model, we optimize the free parameters by
maximizing the likelihood function (Equation (3)). Given the
complexity of our models, we employ Markov Chain Monte
Carlo (MCMC) sampling technique to determine the
best-fit values of model parameters and associated 1σ
uncertainty. The MCMC code emcee is used in this analysis
(D. Foreman-Mackey et al. 2013).

4. Results

Utilizing the aforementioned analytical approach, we fine
tuned the model’s free parameters, including the GRB LF, the
evolution parameter, and the GRB formation efficiency (η).
The optimal parameters, along with their corresponding 1σ
confidence intervals for various models, are summarized in
Table 1. To assess which model is statistically favored by the
observational data, we provide the log-likelihood value Lln
and the Akaike information criterion (AIC) score in the last two
columns of Table 1. The AIC score for each model fit is
computed as = - +L nAIC 2 ln 2 , where n denotes the
number of free parameters (H. Akaike 1974; A. R. Liddle
2007). With AICi representing model Mi, the unnormalized
confidence that this model is accurate can be expressed as the

Akaike weight /( )-exp AIC 2i . In a comparative analysis,
model Mi demonstrates a relative probability of being the
accurate model

/

/ /
( ) ( )

( ) ( )
( )=

-
- + -

P
exp AIC 2

exp AIC 2 exp AIC 2
. 10i

i

1 2

Accordingly, the difference AIC2−AIC1 quantifies the
preference for model M1 over model M2. Figures 3 and 4
depict the redshift and luminosity distributions for GRBs with
photon fluxes P� 1 photon cm−2 s−1. For each model, we
evaluated two distinct GRB LF formulations as outlined in
Section 3. Figure 3 showcases the best-fitting results for
different models utilizing the BPL LF, whereas Figure 4
presents the outcomes using the TPL LF.

4.1. Exclusion of the No-evolution Model

In the no-evolution scenario, Type II GRBs are assumed to
trace the SFR without any redshift evolution in their LF, i.e.,
Lc(z)= (Lc, 0) remains constant. Figure 3 depicts the predicted
redshift and luminosity distributions across various models,
based on an assumed BPL LF. The results indicate that the no-
evolution model (represented by the pink dotted lines) fails to
adequately reproduce the observed distributions within our data
set. Specifically, the peak of the predicted redshift distribution
occurs at a lower redshift than observed, and the model
significantly underestimates both the GRB rate at high redshifts
and the low-luminosity end of the distribution. These findings
are consistent with those of G.-X. Lan et al. (2021), derived
from LGRBs. Applying the AIC, this model can be decisively
ruled out, with a likelihood of approximately 3× 10−10

compared to the luminosity evolution model using the BPL LF.
Figure 4, which presents analogous data but employs a TPL

LF, shows that while the fit to the luminosity distribution
improves, the predicted redshift distribution from the no-
evolution model remains inconsistent with the observational
data. Using the AIC criterion, the no-evolution model is further
excluded, with an estimated probability of only 2× 10−10 of
being the correct model in comparison to the luminosity
evolution model incorporating the TPL LF.

Figure 3. Redshift and luminosity distributions of our sample (steel blue solid points) accompanied by Poisson error bars. The different curves correspond to the
predicted distributions from various best-fit models: the no-evolution model (pink dotted lines), the density evolution model (pastel blue solid lines), and the
luminosity evolution model (orange dashed lines). The shaded regions represent the 1σ confidence intervals for each respective model. A BPL LF is assumed across all
models.
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4.2. Indistinguishability of the Luminosity and Density
Evolution Models

We explore the implications of a redshift-dependent GRB LF
on the detection rates of GRBs at high redshifts. Assuming that
the GRB formation rate closely follows the cosmic SFR, we
propose that the characteristic luminosity, Lc(z), evolves with
redshift according to Lc(z)= Lc,0(1+ z)δ. This model suggests
that GRBs observed at higher redshifts are intrinsically more
luminous compared to those at lower redshifts. By employing a
BPL LF, our analysis reveals that a significant luminosity
evolution with d = -

+1.74 0.22
0.24 provides an excellent fit to the

observed redshift and luminosity distributions, as demonstrated
by the orange dashed lines in Figure 3.

A significant rise in the formation rate of GRBs as a function
of redshift can lead to an increased detection of high-redshift
GRBs. Within this context, while the break luminosity of the
GRB LF remains constant, the GRB occurrence rate is
intrinsically tied to the cosmic SFR, further modulated by an
evolutionary factor denoted as (1+ z)δ. This relationship is
mathematically expressed as ψ(z)= ηψ*(z)(1+ z)δ. Employing
a BPL LF, our analysis indicates that a significant density
evolution, characterized by d = -

+1.36 0.20
0.21, provides the best

agreement with the observed data, as depicted by the pastel
blue solid lines in Figure 3.

The analysis presented in Table 1 demonstrates that both
the luminosity evolution and density evolution models offer a
strong fit to the data, with their respective AIC values being
nearly indistinguishable. This close alignment underscores the
challenge in directly differentiating between the two models.
Such difficulties in model differentiation have been noted in
previous studies, such as those by R. Salvaterra et al. (2012)
and G.-X. Lan et al. (2021). R. Salvaterra et al. (2012)
examined a data set of 58 LGRBs with high redshift
completeness and peak flux P� 2.6 photons cm−2 s−1, while
G.-X. Lan et al. (2021) analyzed a larger sample of 302
LGRBs with peak flux P� 1 photon cm−2 s−1. However,
with the availability of higher-quality observational data from
upcoming missions like SVOM (J. Wei et al. 2016) and the
use of more advanced analytical techniques, future research
holds the potential to clarify the distinctions between these
models.

4.3. Triple Power Law Versus Broken Power Law

Previous studies, including those by H. Sun et al. (2015) and
G.-X. Lan et al. (2021), have suggested that the TPL model
provides a superior fit to the LF of LGRBs compared to the
BPL model. However, our focused analysis on Type II GRBs
indicates that the maximum likelihood estimates of the TPL
and BPL models are nearly indistinguishable, showing only a
slight preference for the TPL model. Importantly, when model
complexity is taken into account using the AIC, the TPL model
yields a higher AIC value than the BPL, suggesting a less
favorable balance between model fit and complexity. These
results imply that the previously reported superiority of the
TPL model may have been influenced by the inclusion of non–
Type II GRB samples. A thorough discussion will be presented
in the subsequent section.

5. Conclusions and Discussion

We analyzed a data set of Swift GRBs observed from 2004
to 2023, focusing on Type II GRBs. In their seminal 2009
study, B. Zhang et al. (2009) developed a robust and precise
framework for differentiating between Type I and Type II
GRBs. However, the implementation of these classification
criteria—such as the detection of an SN signature, the SSFR,
or the properties of the circumstellar medium—remains
challenging due to the limited observational data available
for many GRBs. Given that a larger sample is conducive to
constructing the LF, we employed two selection criteria
commonly used in GRB samples: an intrinsic duration of
T90,i�2 s and consistency with the Amati relation character-
istic of Type II GRBs, which is also one of the critical
selection criteria mentioned by B. Zhang et al. (2009). To
mitigate the influence of selection effects on the results, we
introduced a third selection criterion: a peak-flux threshold of
P� 1 photon cm−2 s−1. GRBs with a peak flux below this
threshold exhibit a distribution that significantly deviates from
the BPL distribution.
This rigorous selection process yielded a sample of 307

GRBs. Notably, three Type I Gold Sample GRBs (B. Zhang
et al. 2009; GRB 050724, GRB 060614, and GRB 061006) and
two GRBs with strong evidence suggesting origins from
compact star mergers (GRB 211211A and GRB 230307A)
were excluded by our criteria.

Figure 4. Same as Figure 3, except now for the scenario with the assumed TPL LF.
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We explored three scenarios: no evolution, luminosity
evolution, and density evolution. We constructed LFs using
both BPL and TPL models. Our main findings are as follows.

(1) The no-evolution model is decisively ruled out. The AIC
model selection criterion indicates that the no-evolution model
can be rejected with a very low probability (approximately
∼10−10) compared to the luminosity evolution model assuming
a BPL LF. Additionally, the no-evolution model fails to
accurately represent the observed distributions in our sample,
predicting a peak in the redshift distribution at a lower value
than observed and underestimating the rate of GRBs at high
redshifts.

(2) Both the luminosity evolution and density evolution
models provided satisfactory fits to the data. By applying the
BPL LF, we ascertain that a pronounced luminosity evolution
with d = -

+1.74 0.22
0.24 or a pronounced density evolution with

d = -
+1.36 0.20

0.21 successfully matches the observed redshift and
luminosity distributions. Both models yield comparable good-
ness-of-fit metrics, making it challenging to distinguish
between them. This outcome aligns with the findings of
R. Salvaterra et al. (2012) and G.-X. Lan et al. (2021) for
LGRBs.

(3) According to the AIC, the BPL model marginally
outperforms the TPL model, contrasting with the conclusions
of H. Sun et al. (2015) and G.-X. Lan et al. (2021).

Interestingly, while the LGRBs tends to favor the TPL LF, our
analysis suggests a preference for the BPL LF among Type II
GRBs. This discrepancy might be explained by the existence of
two distinct populations within the LGRB category: one
corresponding to Type II GRBs, characterized by a BPL LF,
and another consisting of non–Type II GRBs, also described by
a BPL LF but with generally lower luminosity. The aggregation
of these two BPL distributions could manifest as a TPL LF when
considering the entire LGRB population. Supporting evidence
for this hypothesis includes: (1) There are strong indications that
GRB 211211A (J. Yang et al. 2022) and GRB 230307A
(A. J. Levan et al. 2024) likely originated from double compact
star mergers, with GRB 170228A (C.-W. Wang et al. 2025) as
another potential candidate. (2) X. F. Dong et al. (2023)
classified LGRBs into high-luminosity and low-luminosity
groups, showing that the event rate of high-luminosity GRBs
closely tracks the SFR, whereas the event rate of low-luminosity
GRBs diverges significantly, suggesting different origins for
these two classes. (3) V. Petrosian & M. G. Dainotti (2024)
demonstrated that subtracting the SFR from the LGRB event rate
results in a curve closely resembling the event rate of compact
star mergers, further implying multiple origins for LGRBs.

Clarifying the proportion of LGRBs that belong to the Type
II category and identifying the origins of those that do not–
whether due to compact star mergers or other processes–is
essential for understanding the relationship between GRBs and
gravitational waves, the correlation between GRB event rates
and the SFR, and the broader cosmological implications of
GRBs. We anticipate that forthcoming observatories such as
SVOM and Gcam will provide significant insights.
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