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Abstract

The Neil Gehrels Swift observatory observes gamma-ray burst (GRB) plateaus in X-rays.
We test the reliability of the closure relations through the fireball model when dealing with
GRB plateau emissions. We analyze 455 X-ray light curves collected by Swift from 2005
January until 2019 August for which the redshifts are either known or unknown using
the phenomenological Willingale 2007 model. Using these fits, we analyze the emission
mechanisms and astrophysical environments of these GRBs through the closure relations
within the time interval of the plateau emission. Finally, we test the three-dimensional
fundamental plane relation (Dainotti relation) which connects the prompt peak lumi-
nosity, the time at the end of the plateau (rest frame), and the luminosity at that time,
for the GRBs with redshift, concerning groups determined by the closure relations. This
allows us to check if the intrinsic scatter σ int of any of these groups is reduced compared
to previous literature. The most fulfilled environments for the electron spectral distribu-
tion, p > 2, are wind slow cooling (SC) and interstellar material (ISM) slow cooling for
cases in which the parameter q, which indicates the flatness of the plateau emission and
accounts for the energy injection, is 0 and 0.5, respectively, in cases with both known
and unknown redshifts. We also find that for short GRBs all ISM environments with q = 0
have the smallest σ int = 0.04 ± 0.15 in terms of the fundamental plane relation holding a
probability of occurring by chance of p = 0.005. We have shown that the majority of GRBs
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presenting plateau emission fulfill the closure relations, including the energy injection,
with a particular preference for the wind SC environment. The subsample of GRBs that
fulfill the given relations can be used as possible standard candles and can suggest a
way to reduce the intrinsic scatter of these studied relationships.

Key words: gamma-ray bursts: general — radiation mechanisms: non-thermal — X-rays: ISM

1 Introduction

Gamma-ray bursts (GRBs) are the furthest and most explo-
sive objects witnessed by humanity so far. GRBs are
observed from gamma-rays to sometimes radio wavelengths
(for a review, see Kumar & Zhang 2015). Their energy
emission mechanisms have been widely studied since their
discovery. One satellite that has been foremost in studying
GRBs is the Neil Gehrels Swift Observatory (Gehrels et al.
2004) that has discovered many GRBs from low to high red-
shifts, with almost of all of them possessing an afterglow
emission. The afterglow is a long-lasting (from minutes,
hours, days, to even months and years) emission observed
in several wavelengths from gamma-ray to radio (see, e.g.,
Sari & Piran 1999b; Kumar & Piran 2000; Panaitescu et al.
2001; Soderberg et al. 2006; Izzo et al. 2013; Stratta et al.
2013; Fraija 2015; Fraija et al. 2020b). It most probably
comes from an external forward shock (ES), where the GRB
ejecta that move at relativistic speeds, made up of elec-
trons and positrons (e−, e+) and heavier nuclei, interact
with the interstellar medium (Paczynski & Rhoads 1993;
Meszaros & Rees 1994, 1997; Sari & Piran 1995). The
ES model can be verified through relationships, based on
theory, called closure relations (CRs), which relate the after-
glow’s temporal index (α) considering a power law (PL) and
the spectral index (β) due to synchrotron emission (Sari
et al. 1998; Panaitescu & Kumar 2002). Furthermore, each
of these relations indicates different possible environments
from which the GRBs stem. The Swift GRB light curves
(LCs) in many cases also include a plateau emission (PE), a
flat portion of the LC, which follows the prompt emission
decays (Nousek et al. 2006; O’Brien et al. 2006; Zhang
et al. 2006; Sakamoto et al. 2007; Zhao et al. 2019). The
interpretations related to PE vary from an energy injection
model due to the central engine (Dai & Lu 1998a; Rees &
Mészáros 1998; Panaitescu et al. 1998; Sari & Mészáros
2000; Zhang & Mészáros 2001; Zhang et al. 2006; Liang
et al. 2007), to a magnetar (e.g., Zhang & Mészáros 2001;
Toma et al. 2007; Troja et al. 2007; Dall’Osso et al. 2011;
Rowlinson et al. 2013, 2014; Rea et al. 2015; Beniamini
& Mochkovitch 2017; Stratta et al. 2018; Metzger et al.
2018; Fraija et al. 2020c), or mass fall-back accretion onto
a black hole (Kumar et al. 2008; Cannizzo & Gehrels 2009;
Cannizzo et al. 2011; Beniamini et al. 2017; Metzger et al.

2018). We stress here that evolving microphysical param-
eters (Fan & Piran 2006; Panaitescu et al. 2006) and the
off-axis jet scenario (Fraija et al. 2019, 2020a) have been
employed to interpret the PE phase. Additional models
regarding a structured jet have also been presented (Ito et al.
2014; Beniamini & Mochkovitch 2017).

Within the cosmological context, GRBs can potentially
be used as standardizable candles, because they are detected
up to redshift z ∼ 9. The most popular standard candles
are Type Ia supernovae (SNe Ia), but the problem is that
they can be observed only for z � 3 (Rodney et al. 2015).
Therefore, using GRBs for the same purpose would allow
astronomers to cover orders of magnitude on the distance
ladder problem. However, the prompt luminosities of GRBs
range over eight orders of magnitude, which is why trying
to analyze the entire set of GRBs as a whole has proven dif-
ficult, especially because many of them have fundamentally
different intrinsic physics. Dainotti et al. (2010) classified
GRBs that share similarities considering their phenomeno-
logical properties, and such a morphological classification
can lead to more reliable correlations (Cardone et al. 2009,
2010; Dainotti et al. 2016, 2017a, 2017b; Dainotti & Del
Vecchio 2017). An attempt to check if the two-dimensional
(2D) Dainotti relation is independent of the α parameter
after the PE by using Willingale et al. (2007) is provided by
Del Vecchio, Dainotti, and Ostrowski (2016). Dainotti et al.
(2016) built a tight three-dimensional (3D) fundamental
plane relation and pinpointed a subsample of GRBs called
the “Gold” class which forms a tight fundamental plane
between the luminosity at the end of the PE in the after-
glow, the time at the end of the PE in the afterglow, and the
peak luminosity within 1 s of the prompt emission: log (Ta)–
log (Lpeak)–log (La). This relationship is called the Dainotti
3D relation (where for simplicity of notation we denote
Ta = T∗

a , the rest-frame time at the end of the PE), and is
an extension of the Dainotti 2D relations log (Ta)–log (La)
(Dainotti et al. 2008, 2011a, 2013, 2015a, 2017b) and
log (Lpeak)–log (La) (Dainotti et al. 2011b, 2015b). There are
several interpretations of the Dainotti 3D relation starting
from the 2D relation. It can be explained within several sce-
narios: an accretion model on a black hole (Cannizzo et al.
2011), the supercritical pile model (Kazanas et al. 2015),
and the magnetar model (Rowlinson et al. 2014; Rea et al.
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Table 1. CRs studied in this paper similarly to the investigations of Zhang et al. (2006).∗

ν β(p) α(p) α(β) (p > 2)

ISM, SC νm < ν < νc
p−1

2 α = (2p−6)+(p+3)q
4 α = (q − 1) + (2+q)β

2
ν > νc

p
2 α = (2p−4)+(p+2)q

4 α = (q−2)
2 + (2+q)β

2

ISM, FC ν > νm
p
2 α = (2p−4)+(p+2)q

4 α = q−2
2 + (2+q)β

2

Wind, SC νm < ν < νc
p−1

2 α = (2p−2)+(p+1)q
4 α = q

2 + (2+q)β
2

ν > νc
p
2 α = (2p−4)+(p+2)q

4 α = q−2
2 + (2+q)β

2

Wind, FC ν > νm
p
2 α = (2p−4)+(p+2)q

4 α = q−2
2 + (2+q)β

2

∗The first column contains the frequency ranges, the second the spectral index, and the third and fourth the temporal index for p > 2.

Fig. 1. Modified figure 3 from Uhm and Zhang (2014) in mJy for the flux, representing afterglow spectra in the ES corresponding to a range of times,
in both the SC and FC cases, in a constant ISM medium, and showing the breaks with dashed lines. (Color online)

2015; Stratta et al. 2018), where the luminosity of an ultra-
magnetized millisecond pulsar is supposed to generate the
plateau emission.

Our main goals are the following:

(1) to investigate the PE phase of Swift GRBs considering
their emission mechanisms and progenitor environ-
ments from an astrophysical point of view for both
short and long GBRs (sGRBs and lGRBs);

(2) to pinpoint, if it exists, a subclass of GRBs with pecu-
liar features whose intrinsic scatter from the funda-
mental plane correlations is reduced. The aim is to help
further the process of understanding GRBs to create a
new type of standard candle from a cosmological point
of view. In this case we also divide GRBs into sGRBs
and lGRBs.

To achieve goal 1, we try out several CRs described in
Racusin et al. (2009) for 455 GRB LCs observed by Swift
(for which the redshift is either known or unknown) from
the beginning of 2005 until the end of 2019 August. This
work, thus, covers 15 yr of detections, using the spectral

indices β corresponding to the PE duration, and brings new
insight into the emission processes of GRBs.

To achieve goal 2, we divide GRBs into groups according
to the astrophysical environments they belong to. These
groups are built depending on whether GRBs fulfill the
CRs. Additionally, we check the 3D Dainotti relation for
these environments to see if the intrinsic scatter decreases
in comparison to past literature. Furthermore, we make
a comparison between our results and those reported in
Srinivasaragavan et al. (2020), who did a similar analysis
but using a different time, namely the time after the end
of the PE.

Energy injection (Dai & Lu 1998a, 1998b; Panaitescu
et al. 1998; Sari & Mészáros 2000; Zhang & Mészáros
2001; Zhang et al. 2006; Lü & Zhang 2014; Lü et al.
2015; Chen et al. 2017; Zhao et al. 2020; Ma et al. 2021)
and emission at high latitude (Kumar & Panaitescu 2000;
O’Brien et al. 2006; Genet & Granot 2009; Willingale et al.
2010; Zhang et al. 2011; Ascenzi et al. 2020) are the most
acknowledged theoretical frameworks for PE. Here, we
test the CRs within the energy injection scenario. During
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Fig. 2. Modified figure 4 from Uhm and Zhang (2014) for the flux, representing afterglow spectra in the ES corresponding to a range of times, in both
the SC and FC cases for the wind medium. (Color online)

Table 2. CRs as in table 1, but with specific values of q = 0 and q = 0.5.

ν β(p) α(p) α(β) (q = 0) α(β) (q = 0.5)

ISM, SC νm < ν < νc
p−1

2 α = p−3
2 α = β − 1 α = 5β

4 − 1
2

ν > νc
p
2 α = p−2

2 α = β − 1 α = 5β
4 − 3

4

ISM, FC ν > νm
p
2 α = p−2

2 α = β − 1 α = 5β
4 − 3

4

Wind, SC νm < ν < νc
p−1

2 α = p−1
2 α = β α = 5β

4 + 1
4

ν > νc
p
2 α = p−2

2 α = β − 1 α = 5β
4 − 3

4

Wind, FC ν > νm
p
2 α = p−2

2 α = β − 1 α = 5β
4 − 3

4

the deceleration phase, a continuous energy injection may
contribute to the forward shock, preventing it from deceler-
ating as quickly as it would in the framework of impulsive
energy injection. When the engine is a long-lasting one, its
luminosity can be described by

L(t) = L0

(
t
tB

)−q

, (1)

whereas L0 is the luminosity at the beginning of the PE
phase, tB is the transitional time between the different
phases of an LC, and q indicates the flatness of the PE
phase. In general, for the injection mechanism to change
the blast-wave dynamics the condition q < 1 is required
(Zhang et al. 2006). Thus, in this work we will use this
particular assumption and we will not discuss the cases
for q ≥ 1. Here, we consider the cases of q = 0 and
q = 0.5. We stress that for q = 1, the standard syn-
chrotron forward-shock model is recovered (Sari et al.
1998), but q = 1 means that we have instantaneous energy
injection.

2 Data set and methodology

The data set and methodology used follow closely the proce-
dures detailed in Srinivasaragavan et al. (2020) and Dainotti
et al. (2020). Regarding the spectral analysis, we computed
a time-window spectrum for every particular GRB present
in our sample during the PE. From the beginning until the
end of the PE, denoted by Tt and Ta respectively, we use
the Swift BAT+XRT online repository.1 We calculate the
photon index by averaging values from the windowed and
the photon-counting modes of the XRT. We discard GRBs
that have δβ/β > 1/2 and δα/α > 1/2, where δα and δβ are
the error bars of α and β. The discarded GRBs correspond
to GRBs whose error bars are larger than 50% of the mea-
surement itself. We additionally discard GRBs which have
spectral indexes with an extremely high value (>6). The
spectral index can be written as β = � − 1, where � is the
photon index.

Originally, GRBs were classified solely using their dura-
tion as either short (sGRBs, T90 ≤ 2 s; Mazets et al. 1981;

1 〈https://www.swift.ac.uk/xrt_spectra/〉.
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Fig. 3. Compatible GRBs for CRs in the case q = 0, ν > νm, p > 2 without redshift. In the first four panels, the lGRB and sGRB classes are gathered
together, while in the latter eight panels these classes are separated (however, the fourth panel presents no sGRBs). From this figure on, green
markers will represent lGRBs while purple markers the sGRBs. We stress that the colored lines indicate the CRs and the darker sectors mark the
compatibility region of GRBs with CRs. (Color online)

Kouveliotou et al. 1993) or long (lGRBs, T90 > 2 s), a clas-
sification that is independent of energy ranges and instru-
ments (Qin et al. 2013; Zhang et al. 2014). As more GRBs
began to be discovered, the number of classification groups
grew. Some sGRBs display extended emission, and are clas-
sified as “short with extended emission” (Norris & Bonnell
2006; Levan et al. 2007; Norris et al. 2010). It is worth
noting that some lGRBs show an X-ray fluence greater
than the gamma-ray fluence, and are thus classified as X-
ray flashes (XRFs). Furthermore, some GRBs show a clear
association with supernovae (SNe) and kilonovae (KNe)
and are classified as GRB-SNe and GRB-KNe. Studying the

GRB-KNe class, in particular, is important due to the cor-
relation between sGRBs and gravitational waves. Finally,
ultra-long (UL) GRBs display an atypically long duration
of T90 ≥ 1000 s (Nakauchi et al. 2013; Stratta et al. 2013;
Levan et al. 2014; Zhang et al. 2014). We subdivide the
222 GRBs with known redshifts according to these classes
and indicate them with different symbols on the funda-
mental plane (see section 4). In addition to these classes,
we also consider the cases of internal and external plateaus.
While external plateaus are created by the deceleration of
the external shock (Tang et al. 2019), internal plateaus are
likely powered by the GRB magnetar central engine and
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Fig. 4. Compatible GRBs for CRs in the case q = 0.5, ν > νm, p > 2 without redshift. In the first four panels, the lGRB and sGRB classes are gathered
together, while in the latter eight panels these classes are separated. (Color online)

are characterized by values of α > (3, 4) according to the
literature (see, e.g., Li et al. 2018).

3 Closure relations

3.1 Theoretical description in the context of
astrophysical environments

Following a previous approach of Lü and Zhang (2014)
and Lü et al. (2015) for lGRBs and sGRBs, respectively,
and of Wang et al. (2015) for the PE (phase II), we con-
sider here the PE region instead of phase III as done in
Srinivasaragavan et al. (2020), and we compare the results
with phase III from our previous analysis. In this way, we

have completed the analysis comprehensively during and
soon after the PE region, and we can draw conclusions and
comparisons about regions II and III. The aforementioned
CRs consider synchrotron radiation as the main underlying
mechanism of the afterglow and are computed assuming
that Fν ∝ t−αν−β (Sari et al. 1998). The indexes α and β can
be associated with the spectral index of the electron distri-
bution, p, that is represented as a simple PL: dne/dγe ∝ γ −p

e .
We study the CRs presented in Racusin et al. (2009),

where the cooling regime is the time that electrons need to
cool down to the critical Lorentz factor γ c, where cooling
due to synchrotron radiation is significant. To test the CRs
for the frequency (ν) and p range according to table 1, we
recreate the top panels of figures 3 and 4 in the theoretical
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Fig. 5. Compatible GRBs for CRs in the case q = 0, ν > νm, p > 2 where the redshift is known. In the first four panels, the lGRB and sGRB classes are
gathered together (although in the fourth panel the sGRB class is empty), while in the latter eight panels these classes are separated. (Color online)

models of Uhm and Zhang (2014) and add the breaks as
dashed lines corresponding to several frequencies. To match
the analysis in our paper, we convert the fluxes of our fit-
ting from erg cm−2 s−1 to mJy to check with which flux and
time the spectral break corresponds (see figures 1 and 2).
Then, we count how many GRBs fall within a given time
and frequency range, and then we compute the p values
associated with these regimes and times. More specifically,
we check the regime where the flux value at the end of the
PE emission, Fa, compared to the flux values of figures 3
and 4, can be found. Then, we subdivide every GRB into
either νm < ν < νc and ν > νc for SC, ν > νm for fast
cooling (FC). We choose ν > νm since most of the syn-
chrotron energy is emitted in this range due to the hardness

of the spectra (Nakar et al. 2009). Finally, we impose p >

2 for all GRBs through the relationship between β and p
given in table 1. This choice is dictated by the fact that for
1 < p < 2 the energy injection scenario is highly improbable
and cumbersome in its treatment (Racusin et al. 2009).

We summarize here for clarity all the steps of our
analysis:

(1) Obtain α and Ta by fitting the PE with the function
from Willingale et al. (2007).

(2) Calculate the temporal interval region (time slice) for
the PE phase by a fitting which determines Tt and
Ta, and calculate β in this time slice directly from the
observations.
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Fig. 6. Compatible GRBs for CRs in the case q = 0.5, ν > νm, p > 2 where the redshift is known. In the first four panels, the lGRB and sGRB classes
are gathered together, while in the latter eight panels these classes are separated. (Color online)

(3) Calculate the CRs.
(4) For all four combinations of FC vs. SC and ISM vs. a

wind-like circumburst medium we take the following
steps:
a Determine which curve in figures 1 and 2 is the

closest to Ta as found in step 1.
b For the particular curve identified in figures 1

and 2, determine whether νm (νc) is above or
below the Swift window of 0.3–10 keV in the
FC or SC scenario, thus corresponding to X-ray.

c Once we know whether we are above or below
the relevant spectral breaks, we can identify from
tables 1 and 2 which set of CRs we will test.
Then, we compute the electron spectral index

p using the second column of tables 1 and 2
together with β as computed in step 2.

d Given the value of p > 2, once the CRs have been
identified we can compare their values with α

and β.
e Alternately, if the X-ray band falls between νc

and νm (regardless of FC vs. SC) we then use the
GRBs for which β = 1/2.

After all these steps, we verify all of the CRs which
correspond to the appropriate p and ν range for all
GRBs investigated here. All these steps are performed
by dividing the sample into sGRBs and lGRBs, and this
division is kept throughout the analysis regarding the
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Table 3. CR characteristics for the sample without redshift (in the case ν > νm and p > 2).∗

ν (ν > νm) q (p > 2) CR # GRBs GRBs fulfilling CRs % fulfilling CRs

All GRB Environments without z
ISM, SC νm < ν < νc 0 α = β − 1 229 65 28.4%

ν > νc 0 α = β − 1

ISM, FC ν > νm 0 α = β − 1 226 60 26.6%

Wind, SC νm < ν < νc 0 α = β 229 204 89.1%

ν > νc 0 α = β − 1

Wind, FC ν > νm 0 α = β − 1 76 14 18.4%

ISM, SC νm < ν < νc 0.5 α = 5β
4 − 1

2 229 143 62.4%

ν > νc 0.5 α = 5β
4 − 3

4

ISM, FC ν > νm 0.5 α = 5β
4 − 3

4 226 42 18.6%

Wind, SC νm < ν < νc 0.5 α = 5β
4 + 1

4 229 154 67.2%

ν > νc 0.5 α = 5β
4 − 3

4

Wind, FC ν > νm 0.5 α = 5β
4 − 3

4 76 10 13.2%

lGRB environments without z

ISM, SC νm < ν < νc 0 α = β − 1 220 63 28.6%

ν > νc 0 α = β − 1

ISM, FC ν > νm 0 α = β − 1 218 58 26.6%

Wind, SC νm < ν < νc 0 α = β 22 196 89.1%

ν > νc 0 α = β − 1

Wind, FC ν > νm 0 α = β − 1 74 14 18.9%

ISM, SC νm < ν < νc 0.5 α = 5β
4 − 1

2 220 139 63.2%

ν > νc 0.5 α = 5β
4 − 3

4

ISM, FC ν > νm 0.5 α = 5β
4 − 3

4 218 42 19.3%

Wind, SC νm < ν < νc 0.5 α = 5β
4 + 1

4 220 150 68.2%

ν > νc 0.5 α = 5β
4 − 3

4

Wind, FC ν > νm 0.5 α = 5β
4 − 3

4 74 10 13.5%

sGRB environments without z

ISM, SC νm < ν < νc 0 α = β − 1 8 2 25%

ν > νc 0 α = β − 1

ISM, FC ν > νm 0 α = β − 1 7 2 28.6%

Wind, SC νm < ν < νc 0 α = β 8 7 87.5%

ν > νc 0 α = β − 1

Wind, FC ν > νm 0 α = β − 1 1 0 —

ISM, SC νm < ν < νc 0.5 α = 5β
4 − 1

2 8 3 37.5%

ν > νc 0.5 α = 5β
4 − 3

4

ISM, FC ν > νm 0.5 α = 5β
4 − 3

4 7 0 —

Wind, SC νm < ν < νc 0.5 α = 5β
4 + 1

4 8 3 37.5%

ν > νc 0.5 α = 5β
4 − 3

4

Wind, FC ν > νm 0.5 α = 5β
4 − 3

4 1 0 —

∗The upper part of the table refers to all GRBs with q = 0 and q = 0.5, the middle part refers to lGRBs for q = 0 and q = 0.5, and the lower part considers
the sGRBs, again for q = 0 and q = 0.5.

CRs, the values of the distributions of the q parameters,
and the fundamental planes corresponding to particular
environments.

We then plot the CRs by showing the α and β parameters
with 1 σ int error bars, as well as solid lines that represent the

equations of the CRs (see figures 3–6), along with tables 3
and 4.

The GRB afterglow LCs are usually segregated into four
segments: I, the initial steep decay; II, the PE phase; III,
the adiabatic fireball deceleration with the observed decay
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Table 4. CR characteristics for the sample with known redshift (in the case ν > νm and p > 2).∗

ν (ν > νm) q (p > 2) CR # GRBs GRBs fulfilling CR % fulfilling CRs

All GRB environments without z

ISM, SC νm < ν < νc 0 α = β − 1 209 39 18.7%

ν > νc 0 α = β − 1

ISM, FC ν > νm 0 α = β − 1 204 33 16.2%

Wind, SC νm < ν < νc 0 α = β 209 135 64.6%

ν > νc 0 α = β − 1

Wind, FC ν > νm 0 α = β − 1 53 3 5.7%

ISM, SC νm < ν < νc 0.5 α = 5β
4 − 1

2 209 135 64.6%

ν > νc 0.5 α = 5β
4 − 3

4

ISM, FC ν > νm 0.5 α = 5β
4 − 3

4 204 32 15.7%

Wind, SC νm < ν < νc 0.5 α = 5β
4 + 1

4 209 159 76.1%

ν > νc 0.5 α = 5β
4 − 3

4

Wind, FC ν > νm 0.5 α = 5β
4 − 3

4 53 11 20.8%

lGRB environments with z

ISM, SC νm < ν < νc 0 α = β − 1 177 30 16.9%

ν > νc 0 α = β − 1

ISM, FC ν > νm 0 α = β − 1 173 24 13.9%

Wind, SC νm < ν < νc 0 α = β 177 159 89.8%

ν > νc 0 α = β − 1

Wind, FC ν > νm 0 α = β − 1 44 3 6.8%

ISM, SC νm < ν < νc 0.5 α = 5β
4 − 1

2 177 114 64.4%

ν > νc 0.5 α = 5β
4 − 3

4

ISM, FC ν > νm 0.5 α = 5β
4 − 3

4 173 24 13.9%

Wind, SC νm < ν < νc 0.5 α = 5β
4 + 1

4 177 137 77.4%

ν > νc 0.5 α = 5β
4 − 3

4

Wind, FC ν > νm 0.5 α = 5β
4 − 3

4 44 9 20.4%

sGRB environments with z

ISM, SC νm < ν < νc 0 α = β − 1 31 9 29%

ν > νc 0 α = β − 1

ISM, FC ν > νm 0 α = β − 1 30 9 30%

Wind, SC νm < ν < νc 0 α = β 31 29 93.5%

ν > νc 0 α = β − 1

Wind, FC ν > νm 0 α = β − 1 8 0 —

ISM, SC νm < ν < νc 0.5 α = 5β
4 − 1

2 31 20 64.5%

ν > νc 0.5 α = 5β
4 − 3

4

ISM, FC ν > νm 0.5 α = 5β
4 − 3

4 30 8 26.7%

Wind, SC νm < ν < νc 0.5 α = 5β
4 + 1

4 31 21 67.7%

ν > νc 0.5 α = 5β
4 − 3

4

Wind, FC ν > νm 0.5 α = 5β
4 − 3

4 8 2 25%

∗The upper part of the table refers to all GRBs with q = 0 and q = 0.5, the middle part refers to lGRBs with q = 0 and q = 0.5, and the lower part
considers sGRBs, again with q = 0 and q = 0.5.

phase; IV, the post-jet break phase (Rhoads 1999; Sari &
Piran 1999a; Kumar & Panaitescu 2000; Mészáros 2002;
Piran 2004; Liang & Zhang 2006; Zhang et al. 2006, 2007;
Racusin et al. 2009). We consider phase II of the LCs in our
analysis.

Figures 3–6 show the CRs computed within the time
range Tt–Ta in the afterglow, together with the lines repre-
senting the CR equations and their error bars. Relations that
are within the same p range, cooling regime, and astrophys-
ical environments are grouped on the same plot, drawing a
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Table 5. Energy injection parameter q computed for particular ν ranges with equations taken from table 1.

ν All q = 0 q = 0.5 q lGRBs qL = 0 qL = 0.5 qL sGRBs qS = 0 qS = 0.5 qS

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

ISM, SC

νm < ν < νc 167 22 45 0.37 145 17 42 0.39 22 5 3 0.39

ISM, FC

ν > νm 165 20 61 0.58 142 15 52 0.60 22 5 9 0.41

Wind, SC

νm < ν < νc 167 26 5 −0.45 145 24 5 − 0.43 22 2 0 −0.59

Wind, FC

ν > νm 44 0 12 0.73 145 24 5 − 0.43 6 0 2 0.64

∗Column (1): Frequency ranges. Column (2): Number of all GRBs in the particular ν range. Columns (3) and (4): Number of GRBs for which the computed
q is compatible with the values 0 and 0.5. Column (5): Averaged value of q in the given environment. Columns (6)–(9): The same quantities as columns
(2)–(5), but in the case of lGRBs only. Column (10)–(13): The same quantities as columns (2)–(5) in the case of sGRBs. The whole computation was
performed only in the case of temporal index p > 2.

Table 6. Gaussian probability density function parameter values referred to the fittings in figure 7.∗

ISM SC (All) ISM FC (All) Wind SC (All) Wind FC (All)
q = 0.37 ± 0.27 q = 0.58 ± 0.42 q = −0.45 ± 0.32 q = 0.73 ± 0.27

ISM SC (lGRBs) ISM FC (lGRBs) Wind SC (lGRBs) Wind FC (lGRBs)

q = 0.39 ± 0.28 q = 0.60 ± 0.42 q = −0.43 ± 0.33 q = 0.76 ± 0.28

ISM SC (sGRBs) ISM FC (sGRBs) Wind SC (sGRBs) Wind FC (sGRBs)

q = 0.26 ± 0.20 q = 0.41 ± 0.32 q = −0.59 ± 0.24 q = 0.41 ± 0.43

∗The results are here reported in the form q = μ ± σ .

“gray region” where the GRBs are regarded as consistent
cases. We stress that the lines representing the closure rela-
tionships are not the best-fit lines, but are lines representing
the relations themselves. We color the CRs according to the
following coding: red, α = β − 1; blue, α = β; magenta,
α = (5/4)β − (3/4); gray, (5/4)β + (1/4); and orange,
(5/4)β − (1/2).

Let’s take, as an example, the case of ISM SC with p > 2:
not only should one consider α = (q − 1) + [(2 + q)β]/2(νm

< ν < νc) and α = (q − 2)/2 + [(2 + q)β]/2 (ν > νc), but the
region between these two lines, in the α–β plane, should be
considered as a “consistent” region since these in-between
regimes are allowed by the model; they are shown in gray in
our plots. It may happen that a given couple of CRs for the
considered environment degenerate into only one line. Nev-
ertheless, this condition does not change the compatibility.

In table 5 we present a classification that allows us to
categorize GRBs in terms of the q value, which can be deter-
mined naturally from the relationships among α and β from
table 1. Here, we derive for each GRB the value of q and
its error δq; according to those values, we check the com-
patibility of each GRB’s q value with the reference values
q = 0 and q = 0.5 (see table 2). Interestingly, we note that
the cases for q ≥ 1 are few, and thus are not here consid-
ered. We also present the distribution of the q parameters

showing the applicability of the method (see figure 7). In this
figure, we highlight the boundary condition q = 1 through
a red vertical line, thus showing all the q values of our cat-
egories despite considering only the ones with q < 1 for
our purposes. The results of the histograms in figure 7 are
shown in table 6. From this table, it is clear that the subdi-
vision of all GRBs into lGRBs and sGRBs for each environ-
ment generates values of q compatible within 1 σ with those
corresponding to sGRBs and lGRBs gathered together. The
cases with q ≥ 1 are roughly equivalent to the impulsive
case as far as the energy injection is concerned. They add
all their energy very quickly, and after that may be treated
as an impulsive case with a different Eiso (for reviews, see
Barkov & Pozanenko 2011; Warren et al. 2021).

3.2 Results and interpretations

We test the CRs given in table 1 for the 455 GRB LCs in
our sample from 2005 January until 2019 August, detailing
the relations calculated for the time range of the PE from
Tt to Ta. Figures 3–6 detail the specific CRs, including the
error bars of α and β in 1 σ int, along with the equality lines
corresponding to each CR, and tables 4 and 3 show the
numbers of GRBs satisfying such relations. We group in
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Fig. 7. According to table 5, the population of GRBs q values in each environment and category (all, lGRB, sGRB). The green curves show the Gaussian
probability density function for data with mean μ and standard deviation σ . The vertical lines refer to the limit q = 1 since in this particular work we
do not consider impulsive energy injection for GRBs with q > 1. (Color online)

the same plot GRBs that correspond to the same p range
and astrophysical environment, to check if GRBs lie within
the so-called “gray region” (Evans et al. 2009) marked in
darker colors in our plots.

As seen in tables 3 and 4, the majority of GRBs do sat-
isfy the CRs, when looking at the entire sample and when
considering the lGRBs and sGRBs separately. The most ful-
filled set of relations for both lGRBs and sGRBs are those
of the wind SC environment for q = 0, and q = 0.5 for
redshift (with percentages of 64.6% and 76.1%, respec-
tively), while in the case of unknown redshift for q = 0 and
q = 0.5, again the wind slow cooling is the most populated

with percentages of 89.1% and 67.2%, respectively. We
also note that the lowest percentages from 5.7% to 20.8%
correspond to wind FC in all cases for q = 0 and q = 0.5
and for GRBs with unknown and known redshift. In the
lower part of table 3 we consider the division into lGRBs
and sGRBs for GRBs without redshift. From the percentage
computed we can state that the wind slow cooling regime
is the most favored (89.1% for q = 0 and 68.2% for q =
0.5) for lGRBs, while the least favored is wind fast cooling
(18.9% for q = 0 and 13.5% for q = 0.5). For sGRBs,
again the wind slow cooling is the most favored for q =
0 (87.5%), while for q = 0.5 both ISM slow cooling and
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Fig. 8. GRBs are divided into all ISM for all GRBs (upper left panel), all wind for both lGRBs and sGRBs (upper right panel) groups, all ISM for lGRBs
(middle left panel), all wind for lGRBs (middle right panel), all ISM for sGRBs (lower left panel), all wind for sGRBs (lower right panel) groups (see
table 7), and placed on the fundamental plane defined by equation (2). The shapes and colors have been assigned as follows: GRB-SNe (black cones),
XRFs (blue spheres), SEE (cuboids), lGRBs (black circles), UL GRBs (green truncated icosahedrons). The same colors, but darker, label GRBs above
the plane, while lighter colors label GRBs below the plane, except for UL GRBs which are all represented by bright green truncated icosahedrons.
Here, q = 0 is considered. (Color online)
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Fig. 9. As figure 8 (for q = 0): GRBs are divided into ISM SC for all GRBs (upper left) and ISM FC (upper right); GRBs divided into ISM SC lGRBs
(middle left) and ISM FC lGRBs (middle right); GRBs divided into ISM SC sGRBs (lower left) and ISM FC sGRBs (lower right). (Color online)
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Fig. 10. As figure 8 (for q = 0), considering the wind SC environment for all, lGRBs, and sGRBs. (Color online)

wind slow cooling are favored (37.5%). Regarding the cases
with redshift, we can state from looking at table 4 that both
lGRBs and sGRBs favor wind slow cooling for both q = 0
and q = 0.5 with percentages of 64.6% and 76.1%, respec-
tively. In the lower part of the table, we investigate the cases
of lGRBs, and in the bottom part of the table sGRBs. It is
clear from the table that for lGRBs wind slow cooling is
favored for both q = 0 and q = 0.5, with percentages of
89.8% and 77.4% respectively. In the case of sGRBs the
most favored scenario is again wind slow cooling for both
q = 0 and q = 0.5, with percentages of 93.5% and 67.7%,
respectively. As a general trend in the majority of cases,
wind slow cooling is favored. We note that since some of

the p and ν ranges are repeated, the total number of GRBs
is repeated for both the known redshift and unknown red-
shift GRBs in the following circumstances: ISM SC has the
same number of GRBs as wind SC for both q = 0 and
q = 0.5 in the sets of GRBs with known and unknown
redshift. The percentages are computed under the assump-
tion that all scenarios are equally likely to occur for each
given GRB.

When grouping CRs and different GRBs, we conclude
that for our sample, the ISM FC and wind FC are the least
favored in the case of p > 2 for both values of q for the
majority of cases. These environments are also equally dis-
favored in the case without redshift.
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Fig. 11. GRBs divided into all ISM for all GRBs (upper left panel), all wind for all GRBs (upper right panel), all ISM for lGRBs (middle left panel), all
wind for lGRBs (middle right panel), all ISM for sGRBs (lower left panel), and all wind for sGRBs (lower right panel), see table 8. These are placed on
the fundamental plane defined by equation (2). The colors and symbols are the same as in figure 8. Here we consider q = 0.5. (Color online)
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Fig. 12. As figure 11 (for q = 0.5) with GRBs divided into ISM SC for all GRBs (upper left panel), ISM FC for all GRBs (lower panel), ISM SC for lGRBs
(middle left panel), ISM FC for lGRBs (middle right panel), ISM SC for sGRBs (lower left panel), and ISM FC for sGRBs (lower right panel). (Color
online)

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/73/4/970/6311396 by C

alifornia Institute of Technology user on 03 January 2022



Publications of the Astronomical Society of Japan (2021), Vol. 73, No. 4 987

Fig. 13. As figure 11 (for q = 0.5), but with GRBs belonging to wind SC environments considering the cases all, lGRBs, and sGRBs. The cases of wind
FC are based on a few scattered data points, and thus their plots are omitted. (Color online)

However, the CRs should be considered a preliminary
check on the robustness of the ES model without assuming
any more complex physical processes. Therefore, it may
still be possible that the ES model is accurate if taking into
account such processes as the effects of particle acceler-
ation in a nonlinear regime (Warren et al. 2017) or an
energy injection; Zhang et al. (2006) state that the presence
of phase II of the LC may be linked to three possible sce-
narios of continuous energy injection due to the engine at
the center of GRBs. In this scenario, the fireball will take
longer to decelerate due to the following:
� the long-lasting central engine expressed in equation (1);
� the different velocities of ejecta, when the slower mate-

rials accumulate and reignite the emission;
� the relevant fraction of Poynting flux of the outflow.

With regards to particle acceleration in a nonlinear
regime, Warren et al. (2017) tested an evolutionary model

of afterglows assuming a more complicated particle distri-
bution than the standard power law by including a thermal
population of electrons. If only a PL distribution of elec-
trons is present, β varies monotonically between the ν <

max (νm, νc) value and the ν > max (νm, νc) value. The inclu-
sion of a thermal population of electrons increases β when
the characteristic synchrotron frequency of the thermal
population’s exponential tail falls in a particular waveband;
when the emission is once again due to the accelerated, non-
thermal, population of electrons, the value of β returns to its
usual value. Such non-monotonic, soft–hard–soft behavior
of β was observed in several GRB afterglows, particularly
at the beginning of the afterglow emission (Mimica et al.
2009).

However, it may also be possible that the ES model
may not be the ideal scenario in some cases, and it is not
external but internal shocks that produce the afterglow.
Lyons et al. (2010) discussed this case as driven by a
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Fig. 14. Contour plots for GRB subclasses taken from table 7 (q = 0): all ISM (lGRBs and sGRBs), all wind (lGRBs and sGRBs), all ISM (lGRBs), all
wind (lGRBs), all ISM (sGRBs), and all wind (sGRBs). In these contour plots and in the following the dark blue contours indicate the 68% confidence
levels, the light blue ones correspond to 95% confidence levels, and the dashed lines mark the median values of the distributions. (Color online)
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Fig. 15. Contour plots for groups taken from table 7 (q = 0): ISM SC (all GRBs), ISM FC (all GRBs), ISM SC (lGRBs), ISM FC (lGRBs), ISM SC (sGRBs),
and ISM FC (sGRBs). (Color online)
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Fig. 16. Contour plots for subclasses taken from table 7 (q = 0), where wind SC is shown: all, lGRB, and sGRB cases. (Color online)

millisecond magnetar. In the ES model, the relativistic jet
of the GRB is powered by a black hole formed immediately
after the progenitor event. They stated that in some cases
there may be a period after the progenitor event during
which a millisecond magnetar forms before collapsing into
a black hole. As the velocity of the magnetar diminishes
over time, the engine will continually inject energy into the
LC of the GRB until its collapse, which will be seen as an
extremely steep decay in the LC. This feature of emission
that is relatively constant followed by an abrupt decay (α
≥ 4) characterizes the internal PE. In our sample, we have
one such GRB with α ≥ 4, GRB 061110A, and thus we
have considered using the condition set by Li et al. (2018)
in which they define the internal plateaus for cases with α

> 3. This new definition allows us to have in our sample six
GRBs with internal plateaus. We now compare the results
of phase II and phase III. In Srinivasaragavan et al. (2020),
a similar analysis was performed on the CRs concerning

phase III of the LCs, taken between times Ta and Tend.
From the comparison, we see that in the current work the
environments favored for p > 2 are wind SC and ISM SC
for cases q = 0 and q = 0.5, respectively (considering GRBs
with both known and unknown redshifts). Differently from
those results, in Srinivasaragavan et al. (2020) the ISM
and wind FC are favored in the case of unknown redshift
for p > 2.

In the current analysis we also consider with the given
values of α and β the distributions of the q parameters
derived analytically, shown in table 6 and plotted in figure 7.
Starting from the upper left panel we show the distribution
of ISM slow cooling, in the middle upper panel we present
ISM with fast cooling, in the upper right panel we show
wind slow cooling, and in the middle left upper panel we
show the wind fast cooling for all GRBs. Then, from the
middle upper central panel to the lower middle central panel
we present the same environments for the lGRBs, and from
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Fig. 17. Contour plots for groups taken from table 8 (q = 0.5): all ISM (for all GRBs), all wind for all GRBs, ISM for lGRBs, wind for lGRBs, ISM for
sGRBs, and wind for sGRBs. (Color online)
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Fig. 18. Contour plots for groups taken from table 8 (q = 0.5): ISM SC (lGRBs and sGRBs), ISM FC (lGRBs and sGRBs), ISM SC (lGRBs), ISM FC
(lGRBs), and ISM SC (sGRBs). (Color online)
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Fig. 19. Contour plots for subclasses taken from table 8 (q = 0.5) considering the wind environment: wind SC for all, wind FC for all, wind SC (for
lGRBs), wind FC (for lGRBs), and wind SC (for sGRBs). (Color online)
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Fig. 20. Fundamental planes from equation (2) for the cases of q compatible with q = 0 reported in table 9. The GRBs are divided into ISM SC for all
GRBs (upper left panel), ISM FC for all GRBs (upper right panel), ISM SC for lGRBs (lower left panel), ISM FC for lGRBs (lower right). The colors and
symbols are the same as in figure 8. Here we consider the GRB categories for q = 0 from table 5. (Color online)

the right lower middle panel to the lower panels we present
the same configurations for the sGRBs. As we can clearly
see from table 6 the error bars of the fit are sufficiently large
to show that there is not a marked difference between the
distributions of q for sGRBs and lGRBs, since the μ values
all overlap within 1 σ .

4 The 3D fundamental plane relation

The CRs are crucial tools to pinpoint a subsample of GRBs
potentially useful as standard candles. We aim to verify
this property by using the 3D Dainotti relation. We fit this
relation with regard to the different astrophysical groups
taken from table 1, for our sample containing GRBs with
known redshifts in the [log (Ta), log (Lpeak), log (La)] space,

applying a statistical method (D’Agostini 2005), a Bayesian
approach which takes into account the error measurements
in all the variables used.

A different fundamental plane is fitted for each group of
GRBs. The plane equation is

log La = Co + a log Ta + b log Lpeak + σint, (2)

where Co is the plane’s normalization, σ int the intrinsic
scatter of the sample, and a and b are the parameters asso-
ciated with Ta and Lpeak. We choose groups of GRBs that
encompass: (i) all GRBs satisfying a constant-density ISM
environment; (ii) all GRBs satisfying a wind environment
[both points (i) and (ii) are considered regardless of the
cooling regime]; (iii) an ISM environment with SC; (iv) an
ISM environment with FC; (v) a wind environment with SC;
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Fig. 21. GRBs from table 9, belonging to wind SC, according to the
same convention as figure 20. The cases reported here are all (lGRBs
and sGRBs) and lGRBs only. FC is not reported due to the lack of a
significant number of points. (Color online)

(vi) a wind medium with FC. Pictures of the fundamental
plane, contour plots related to their best-fitting parame-
ters, and their tabulated values are given in figures 8–23,
together with tables 7 and 8. We investigate the parameters,
in particular for the two groups used for the analysis (all
ISM and all wind, and all ISM for both sGRBs and lGRBs
and all wind for both sGRBs and lGRBs) and see how their
best-fitting parameters compare to the rest of our sample.
In the following fitting results, we will express two quan-
tities: R2

adj and the p-value. The former is the square of the
sample correlation coefficient between the dependent and
the independent variables. The latter represents the proba-
bility that the correlation of the data is obtained by chance.
For q = 0, see table 7 for all ISM and all wind: the a, b,

and C0 parameters are compatible within 2 σ . If we now
compare ISM FC and SC we find that they are compatible
within 1 σ for the a, b, and C0 values. Instead, for wind SC,
the a parameter is compatible only within 3 σ with the ISM
FC and 2 σ for ISM SC; the b parameter is within 2 σ with
the ISM FC and SC, while the C0 parameter is within 2 σ

for the ISM FC and for the ISM SC. As a note, the wind FC
group has only three GRBs, thus preventing us from reli-
ably fitting the plane. For q = 0 for lGRBs, a, b, and C0 are
compatible within 1 σ between all ISM and all wind. For
ISM FC and SC, the a, b, and C0 parameters are compatible
within 1 σ , while the wind SC a, b, and C0 are compatible
within 2 σ . For q = 0 for sGRBs, the a, b, and C0 param-
eters are compatible within 1 σ for all wind and all ISM.
For ISM SC and ISM FC the a, b, and C0 parameters are
the same since the sGRBs that satisfy these scenarios are the
same. For wind SC, ISM FC, and ISM SC all the parame-
ters are compatible within 1 σ . We now discuss the q = 0.5
cases reported in table 8. When we consider all GRBs, the
a, b, and C0 parameters are compatible within 1 σ between
the all ISM and all wind categories. Considering ISM SC
and ISM FC, the a values are compatible within 1 σ , while
the b and C0 values are within 2 σ . Between ISM SC and
wind SC, all values are compatible within 1 σ . For wind
SC and ISM FC, the a, b, and C0 values are compatible
within 2 σ .

Within the subclass of lGRBs, the parameter values of
all ISM and all wind are compatible within 1 σ between
themselves; this compatibility also holds for ISM SC and
ISM FC. For wind SC and ISM SC, a, b, and C0 are com-
patible within 1 σ . Considering instead wind SC and ISM
FC, the same compatibility within 1 σ is observed. In the
case of wind SC and wind FC, only the a parameters are
compatible within 1 σ , while for b and C0 the compatibility
is observable within 2 σ . For the sGRB case with q = 0.5,
all the values of a, b, and C0 are compatible within 1 σ .
Note that for all cases in which the fitting of the funda-
mental plane is not leading to reliable results due to small
values of R2

adj and for a high p-value >5%, which indi-
cates that the correlation induced by this environment is
drawn by chance, then we discard these fittings (as indicated
by dashes). Thus, we have not plotted the corresponding
fundamental plane and the fitted parameters are omitted.

If we consider the analytical computation regarding the
q values we can refer to table 5, in which we also present
the subclasses of lGRBs and sGRBs and the corresponding
environments and energy regimes. Taking the subclasses
of GRBs gathered according to the results presented in
table 5 and corresponding to given astrophysical environ-
ments, we have fitted the corresponding fundamental planes
and derived the best-fitting parameter values presented in
table 9.
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Fig. 22. Contour plots for groups taken from table 5 (q = 0). The upper left panel shows contours for the ISM SC for all GRBs, the right upper panel
shows the ISM FC for all GRBs, the lower left panel shows the ISM slow cooling for lGRBs, and the lower right panel shows the ISM fast cooling for
lGRBs. (Color online)

For all GRBs, the a, b and C0 parameters are compat-
ible within 1 σ between ISM SC and ISM FC. For the wind
SC the a value is compatible with the others within 2 σ ,
while b and C0 are compatible within 1 σ . Considering
the lGRB subclass only, we observe that a, b, and C0 are
compatible within 1 σ for ISM SC and ISM FC; wind SC,
instead, presents an a value compatible within 2 σ with that
of ISM SC and within 3 σ with that of ISM FC, while the
b and C0 values are compatible with the ISM environments
within 1 σ .

As an additive analysis, considering the GRBs which
have a computed value of q compatible with zero (see
table 5), we perform the same fitting with the funda-
mental plane relation. The results are gathered in table 9.
In summary, for the cases of q computed analytically
we again find that the wind SC environment arouses
interest since it is characterized by the highest number

of fulfilling GRBs with a low central value of the σ int

parameter.

5 Summary and conclusions

In summary, using GRB LCs detected by Swift (more specif-
ically, two samples of 222 and 233 GRBs with known and
unknown redshifts respectively), we consider phase II of the
LCs during the time duration of the PE (Tt to Ta), to test
both the CRs and verify the 3D Dainotti relation for our set
of GRBs, to better understand the emission mechanisms of
GRBs as well as their cosmological implications as poten-
tial standard candles. The majority of GRBs do satisfy the
CRs as a whole, and the most fulfilled CR sets in terms of
percentage are the wind SC environment (q = 0 and q =
0.5, with and without redshift). This trend is also confirmed
in the lGRB and sGRB subclasses.
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Fig. 23. Contour plots for groups taken from table 5 (q = 0). We consider wind SC for all GRBs (left panel) and wind SC for all lGRBs. (Color online)

Table 7. Best-fitting parameters for GRBs with redshift together with their number for each environment fulfilled from

table 4 in the case of q = 0.

a b C0 σ int R2
adj p-value N

All GRBs (q = 0)
All ISM −0.43 ± 0.14 1.09 ± 0.10 −7.02 ± 5.77 0.46 ± 0.07 0.82 2 × 10−10 39

All Wind −0.72 ± 0.05 0.92 ± 0.05 2.80 ± 2.55 0.44 ± 0.02 0.83 4 × 10−60 186

ISM SC −0.43 ± 0.14 1.09 ± 0.10 −7.02 ± 5.38 0.46 ± 0.07 0.82 2 × 10−10 39

ISM FC −0.33 ± 0.14 1.19 ± 0.10 −12.35 ± 5.57 0.39 ± 0.08 0.85 2 × 10−9 33

Wind SC −0.72 ± 0.05 0.92 ± 0.05 2.80 ± 2.48 0.43 ± 0.02 0.83 4 × 10−60 186

Wind FC — — — — — — 3

lGRBs (q = 0)

All ISM −0.50 ± 0.16 1.02 ± 0.10 −2.94 ± 5.54 0.48 ± 0.08 0.82 3 × 10−9 30

All Wind −0.71 ± 0.06 0.89 ± 0.05 4.05 ± 2.51 0.41 ± 0.02 0.85 2 × 10−55 157

ISM SC −0.50 ± 0.16 1.02 ± 0.12 −2.94 ± 6.25 0.48 ± 0.08 0.82 3 × 10−9 30

ISM FC −0.40 ± 0.17 1.11 ± 0.13 −8.16 ± 7.02 0.42 ± 0.09 0.85 6 × 10−8 24

Wind SC −0.71 ± 0.06 0.89 ± 0.05 4.05 ± 2.71 0.41 ± 0.03 0.85 2 × 10−55 157

Wind FC — — — — — — 3

sGRBs (q = 0)

All ISM −0.41 ± 0.26 1.57 ± 0.14 −31.61 ± 7.59 0.04 ± 0.15 0.96 0.005 9

All Wind −0.60 ± 0.10 1.34 ± 0.09 −19.73 ± 4.82 0.24 ± 0.06 0.88 2 × 10−9 28

ISM SC −0.41 ± 0.27 1.57 ± 0.14 −31.61 ± 7.31 0.04 ± 0.16 0.96 0.005 9

ISM FC −0.41 ± 0.28 1.57 ± 0.16 −31.61 ± 8.63 0.04 ± 0.15 0.96 0.005 9

Wind SC −0.60 ± 0.11 1.34 ± 0.12 −19.73 ± 6.41 0.24 ± 0.06 0.88 2 × 10−9 28

Wind FC — — — — — — 0

Furthermore, we also test the 3D Dainotti relation
for samples based on GRBs fulfilling CRs which lead to
particular astrophysical environments. We find that the
sGRBs for both all ISM and ISM fast cooling with q =
0 have the smallest σ int = 0.04 ± 0.15 in terms of the
fundamental plane relation, with a probability of chance

occurrence of p = 0.005. This scatter is even smaller than
the scatter found for phase III of the LCs (σ = 0.29 ±
0.06) when we consider the same ISM FC regime, but
for all GRBs (Srinivasaragavan et al. 2020). This σ is
compatible within 1 σ with the platinum sample corrected
for redshift evolution and selection effects (Dainotti et al.
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Table 8. Best-fitting parameters for GRBs with redshift together with their number for each environment fulfilled from

table 4 in the case of q = 0.5.

a b C0 σ int R2
adj p-value N

All GRBs (q = 0.5)
All ISM −0.73 ± 0.06 0.89 ± 0.05 4.38 ± 2.88 0.41 ± 0.03 0.81 4 × 10−40 133

All Wind −0.85 ± 0.07 0.79 ± 0.06 9.72 ± 3.36 0.49 ± 0.03 0.77 7 × 10−44 156

ISM SC −0.73 ± 0.06 0.89 ± 0.05 4.38 ± 2.82 0.41 ± 0.03 0.81 4 × 10−40 133

ISM FC −0.53 ± 0.14 1.13 ± 0.12 −8.60 ± 6.62 0.36 ± 0.08 0.78 4 × 10−7 32

Wind SC −0.81 ± 0.06 0.85 ± 0.05 6.47 ± 2.81 0.46 ± 0.03 0.80 2 × 10−46 156

Wind FC — — — — — — 11

lGRBs (q = 0.5)

All ISM −0.70 ± 0.07 0.87 ± 0.06 5.13 ± 2.95 0.37 ± 0.03 0.84 8 × 10−39 113

All Wind −0.81 ± 0.07 0.81 ± 0.06 8.54 ± 3.28 0.43 ± 0.03 0.82 1 × 10−44 135

ISM SC −0.70 ± 0.07 0.87 ± 0.06 5.13 ± 3.00 0.37 ± 0.03 0.84 8 × 10−39 113

ISM FC −0.61 ± 0.17 1.00 ± 0.17 −1.76 ± 9.04 0.38 ± 0.09 0.76 1 × 10−6 24

Wind SC −0.81 ± 0.07 0.81 ± 0.06 8.54 ± 3.10 0.43 ± 0.03 0.82 1 × 10−44 135

Wind FC — — — — — — 9

sGRBs (q = 0.5)

All ISM −0.61 ± 0.14 1.26 ± 0.15 −15.52 ± 7.76 0.23 ± 0.08 0.83 2 × 10−5 19

All Wind −0.64 ± 0.15 1.24 ± 0.14 −14.49 ± 7.23 0.24 ± 0.08 0.82 8 × 10−6 20

ISM SC −0.61 ± 0.15 1.26 ± 0.16 −15.52 ± 8.25 0.23 ± 0.08 0.83 2 × 10−5 19

ISM FC — — — — — — 8

Wind SC −0.64 ± 0.15 1.24 ± 0.15 −14.49 ± 7.97 0.24 ± 0.08 0.82 8 × 10−6 20

Wind FC — — — — — — 2

Table 9. Best-fitting parameters for GRBs with redshift together with their number for each environment fulfilled from

table 5 considering q = 0.∗

a b Co σ int R2
adj p-value N

All GRBs (q = 0)
ISM SC −0.40 ± 0.19 0.98 ± 0.12 −1.45 ± 6.38 0.45 ± 0.10 0.82 3 × 10−5 22

ISM FC −0.37 ± 0.20 0.99 ± 0.11 −1.89 ± 6.07 0.46 ± 0.10 0.82 4 × 10−5 20

Wind SC −0.85 ± 0.13 0.85 ± 0.18 6.87 ± 9.52 0.43 ± 0.08 0.78 4 × 10−8 26

Wind FC — — — — — — 0

lGRBs (q = 0)

ISM SC −0.36 ± 0.20 0.96 ± 0.13 −0.28 ± 6.81 0.45 ± 0.10 0.80 3 × 10−3 17

ISM FC −0.32 ± 0.14 0.95 ± 0.10 −0.23 ± 5.12 0.46 ± 0.08 0.80 4 × 10−3 15

WIND SC −0.90 ± 0.14 0.72 ± 0.20 13.36 ± 10.65 0.44 ± 0.10 0.79 5 × 10−8 24

WIND FC — — — — — — 0

∗The cases of sGRBs are not reported due to the lack of a significant number of data points.

2020), where σ int = 0.22 ± 0.10. Despite the estimated
values of σ int for q = 0 for the sGRBs being compatible
within 1 σ , it is worth noticing that the fundamental planes
for sGRBs related to the all ISM environment with q =
0 not only have the smallest σ int = 0.04 ± 0.15 in terms
of the fundamental plane relation (with a probability of
occurring by chance of p = 0.005), but also the smallest
error bar on the same parameter. This leads to the idea
that this particular environment is able to put further

constraints on the determination of the intrinsic scatter of
GRBs from the fundamental plane relation.
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Mészáros, P. 2002, ARA&A, 40, 137
Meszaros, P., & Rees, M. J. 1994, MNRAS, 269, L41
Meszaros, P., & Rees, M. J. 1997, ApJ, 476, 232
Metzger, B. D., Beniamini, P., & Giannios, D. 2018, ApJ, 857, 95
Mimica, P., Giannios, D., & Aloy, M. A. 2009, A&A, 494, 879
Nakar, E., Ando, S., & Sari, R. 2009, ApJ, 703, 675

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/73/4/970/6311396 by C

alifornia Institute of Technology user on 03 January 2022



1000 Publications of the Astronomical Society of Japan (2021), Vol. 73, No. 4

Nakauchi, D., Kashiyama, K., Suwa, Y., & Nakamura, T. 2013,
ApJ, 778, 67

Norris, J. P., & Bonnell, J. T. 2006, ApJ, 643, 266
Norris, J. P., Gehrels, N., & Scargle, J. D. 2010, ApJ, 717, 411
Nousek, J. A., et al. 2006, ApJ, 642, 389
O’Brien, P. T., et al. 2006, ApJ, 647, 1213
Paczynski, B., & Rhoads, J. E. 1993, ApJ, 418, L5
Panaitescu, A., & Kumar, P. 2002, ApJ, 571, 779
Panaitescu, A., Kumar, P., & Narayan, R. 2001, ApJ, 561, L171
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Panaitescu, A., Mészáros, P., & Rees, M. J. 1998, ApJ, 503, 314
Piran, T. 2004, Rev. Mod. Phys., 76, 1143
Qin, Y., et al. 2013, ApJ, 763, 15
Racusin, J. L., et al. 2009, ApJ, 698, 43
Rea, N., Gullón, M., Pons, J. A., Perna, R., Dainotti, M. G., Miralles,

J. A., & Torres, D. F. 2015, ApJ, 813, 92
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Sari, R., & Mészáros, P. 2000, ApJ, 535, L33
Sari, R., & Piran, T. 1995, ApJ, 455, L143
Sari, R., & Piran, T. 1999a, ApJ, 517, L109
Sari, R., & Piran, T. 1999b, A&AS, 138, 537
Sari, R., Piran, T., & Narayan, R. 1998, ApJ, 497, L17
Soderberg, A. M., et al. 2006, Nature, 442, 1014

Srinivasaragavan, G. P., Dainotti, M. G., Fraija, N., Hernandez, X.,
Nagataki, S., Lenart, A., Bowden, L., & Wagner, R. 2020, ApJ,
903, 18

Stratta, G., Dainotti, M., Dall’Osso, S., Hernandez, X., &
De Cesare, G. 2018, ApJ, 859, 155

Stratta, G., et al. 2013, ApJ, 779, 66
Tang, C.-H., Huang, Y.-F., Geng, J.-J., & Zhang, Z.-B. 2019, ApJS,

245, 1
Toma, K., Ioka, K., Sakamoto, T., & Nakamura, T. 2007, ApJ, 659,

1420
Troja, E., et al. 2007, ApJ, 665, 599
Uhm, Z. L., & Zhang, B. 2014, ApJ, 780, 82
Wang, X. G., et al. 2015, ApJS, 219, 9
Warren, D. C., Beauchemin, C. A. A., Barkov, M. V., &

Nagataki, S. 2021, ApJ, 906, 33
Warren, D. C., Ellison, D. C., Barkov, M. V., & Nagataki, S. 2017,

ApJ, 835, 248
Willingale, R., et al. 2007, ApJ, 662, 1093
Willingale, R., Genet, F., Granot, J., & O’Brien, P. T. 2010, MNRAS,

403, 1296
Zhang, B., et al. 2007, ApJ, 655, 989
Zhang, B., Fan, Y. Z., Dyks, J., Kobayashi, S., Mészáros, P., Burrows,
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