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Abstract

The radiation mechanism and jetomposition of gamma-ray bursts (GRBs) are sttivo importantunresolved

issues, and studying its energy spectrum characteristics can provide us with evidence. In this paper, we first use the
smoothly broken power-law function (Band) and the cutoff power-law function to perform Bayesian time-resolved
spectrum analysis on GRB 180720B and find these spectra can be f¥ittdid. When the thermakcomponents
added,approximately 40% of the resolution spectrum fitting statistics are significantly improweiicating that

there is a thermal spectral component in the burst. The thermal spectra are concentrated at the beginning and peak
stage of the pulses.Therefore,the burst also supports thatthe GRB jet componenttransitions from material
dominance to magnetic dominance. The values of the low-energy spectrum index a of the time-resolved spectra do
not exceed the so-called synchrotron line of death, regardless of whether the thermal components are added or not,
which indicates that the burst can be explained by synchrotron radiafitereover,we find that both a and

track the flux, but their tracking modes are differeniWe use the synchrotron modeb fit these time-resolved

spectra and find that these spectra can also be well fitted by the model. Furthermore, we find that both the electron
spectrum index p and the magnetic field strength B track the flux and are positively correlated with the flux. Our
results also show thathe Band function can be explained by the synchrotron modiel the Gamma-ray Burst

Monitor energy range.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629)

1. Introduction to be a superposition of the nonthermatomponentfrom the

Gamma-ray bursts (GRBsgre currently the most violent shock wave in the _optically thin and the quasi-the(mal
explosion phenomenon in the universe.According to their componentfrom the fireball photosphere Another possible

: . . del of the GRB jet is the Poynting-flux-dominated outflow
duration, they can be divided into long GRBs (LGRBs) and ~ ™M° . . . !
short GRBs (SGRBs), and the dividing line is about2s.  om the engine (Daigne & Mochkovitch 2002; - Zhang &
Researchers generally believe thaGRBs come from black Pe’er 2009). The Poynting-flux-dominated jet is different from

holes or magnetars after the death of massive starsile the that of the fireball, in which the thermal componentis
origin of SGRBs is the merger of dense binary stars (Narayan negligible. In the Jet where .Poyntlng flu_x is dominant, most
et al. 1992; Woosley 1993; MacFadyen & Woosley 1999: of the energy is contalne'd in the Poynting qux.M_ogt GRB
Woosley & Bloom 2006; Kumar & Zhang 2015). Various prompt emission energy is converted from the original form of
observations and studies have been carried out over 50 yr aftePoynting flux energy (Granot et al. 2011). In fact, the jet
the discovery of the GRBbut there are still many unresolved ~composition of differentGRBs may be differentMost likely,
problems in the prompt emission phase (Zhang 2011; Kumar &he jet componentsmay be mixed (Gao & Zhang 2015;
Zhang 2015): (1) What is the composition of the GRB jet L|_20193, 2(_)20), which is characterized by relat|V|_st|c outflow,
(baryon fireball or Poynting flux)? (2) What is the energy with hot fireball components and cold Poynting flux
dissipation mechanism (from shock waves or magnetic components. o o _
reconnection)that GRB jets convert other forms of energy Photospheric radiation and synchrotron radiation are widely
into radiation? (3What is the particle acceleration mechanism Present in GRB spectra, indicating that the jet compositions are
of GRB prompt emission? (4) What is the radiation mechanismdifferent (Li 2019a). Observationsshow that the energy
of GRB prompt emission (synchrotron radiatiorsynchrotron ~ Spectrum components of GRB seem to be diversed some
self-Compton radiation,or Comptonization of quasi-thermal ~ GRBs do show the characteristic properties dfreballs with
radiation from the photosphere)? Spectral analysis is a key clu¢éhermal components (Abdo et al. 2009; Ryde et al. 2010; Pe’Er
to help us answer these questions. et al. 2012). Others show evidence of Poynting-flux dominance
An important theory that has been put forward in the (Metzger etal. 2011; Lei et al. 2013). Moreover,analysis of
literature is that the GRB jet may originate from a hot fireball. Fermi spectroscopy showshat thermal componentspresent
However, our observation results showed that its prompt different time and spectral characteristics:some thermal
emission phasenostof the GRB spectra can be fitted by the  componentscan be detected during the entire duration of
nonthermal Band function (Band et al. 1993; Briggs et al. 1999prompt emission (Ryde 2004; Ghirlanda et al. 2013); some can
Abdo et al. 2009; Yu et al. 2016; Zhang et al. 2016). Based on only be found at the beginning of the burstand followed by
the model, the fireball is dominated by baryons and the promptnonthermal components (Zhang et 2D18; Li 2019a).
emission may come from internal shock waves or fireball Spectral characteristicsare the key to understanding the
photospheres (Meszaros & Rees 1993; Mészaros & Rees 200@hysical origin of GRBs, such as the energy dissipation
Rees & Mészaros 2005yhich causes the observed spectrum mechanism, radiation mechanism, jet structure, and the
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characteristicof the central engine. Some of the observed
energy/luminosity-spectralrelationships involving E, are
extensively discussed in the literatur&he peak energy Eis
one of the mostinteresting parameter evolutions of GRBH.
has evolved drastically over time. During the Burst and
Transient Source Experiment (BATSE) period, E, showed
several different patterns: (1) the trend of hard to soft,
regardlessof the rise and fall of flux, is monotonically
decreasing (Norriset al. 1986; Bhat et al. 1994; Kaneko

et al. 2006); (2) the flux tracking trend, that is, follows the rise
and fall of flux (Golenetskii et al. 1983; Briggs et al. 1999; Lu
et al. 2010; Peng et al. 2010; Hakkila & Preece 2011); (3) soft-
to-hard trend or chaotic evolution (Laros et al. 1985; Kargatis

et al. 1994).

After the launch of Fermi in 2008, with the improvement of

the quality of spectral datat was confirmed that the first two
modes were dominanthard to soft accounted for aboutwo-
thirds, and flux tracking accounted for about one-third
(Yu et al. 2018; Li 2019b). The physical origin of these
evolutionary patterns is still unresolved, although some
solutions have been proposed in the literature (Lu et24l10;

Oganesyan et al. 2018, 2019; Uhm et al. 2018). Compared with

the E;, evolution,the a evolution is more chaoticso there are
relatively few studies and physical explanations.Li et al.
(2019) found thatthe E, and a evolutions of GRB 131231A
both exhibit flux tracking behavior, and are defined asthe
double tracking mode of spectral evolution.

GRB 180720B,a GRB observed by Ferm{co-detected by
the Gamma-ray BurstMonitor (GBM) and the Large Area
Telescope (LAT))and Swift (co-detected by the BursfAlert

Chen et al.
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Figure 1. Range of the GRB 180720B light-curve and energy spectrum
analysis. The black line and gray shading indicate the range of the light-curve
and energy spectrum analysigspectively (0 ~ 55 s)We used the TTE type

of GBM data included Nd detectors 67, nb, and BGO detector 1.

Telescope (BAT) and X-Ray Telescope (XRT)) is a long-term, including the trigger file and the light curve for quick viewing.
extremely bright multi-pulse GRB. It provides a good example Detailed data files with the highest time resolution (CTIME and
for us to study the spectral evolution and radiation mechanism TTE files) and spectral resolution (CSPEC and TTE files) can

of GRBs. In this work, we perform detailed time-resolved

be downloaded from the spacecratftithin a few hours. This

spectrum analysis of GRB 180720 using Bayesian methods. Inmakes the online Fermi/GBM GRB database the lateSRB

Section 2, we introduce the sample selection and analysis

methods;in Section 3,the spectral models used in this article

are described;in Section 4, the spectralanalysis results are

data repositorﬂ. Compared with CSPEC filesI TE files have
the smallest time resolution (2p) and the best energy resolution,
so they are suitable foranalyzing time-resolved spectrum of

given, including the evolution of the spectrum, the distribution GRB. The use of TTE data and standard response filess
of parameters, and the inter-parameter relationship. We presermirovided by the GBM team. We select data from all Nal

the discussion and summarizes in Section 5.

2. Data and Analysis Methods

The Fermi GRB Detector(GBM) consists of 14 detectors
(Meegan etal. 2009), 12 of which are sodium iodide (Nal,
named n0-n9na, and nb) detectorswith a coverage area of

approximately 8 keV-1 MeV and two are non-directional, two

bismuth germanate (BGQzalled b0 and b1) detectors with a
coverage range of approximately 200 keV-40 MeV. This
arrangemeninakes Fermi/GBM a powerfuldetector with an
energy range of more than 3 orders of magnitude.

On 2018 July 20, UT 14:21:39.65,Fermi/GBM triggered
and located the bright GRB 180720B; 5 s latef4:21:44 UT,
BAT triggers and locates the same evef8iegelet al. 2018).
The Swift XRT detected its brightafterglow within less than
90 s, and then lasted for more than 30 days, making it the
brightest XRT GRB after the abnormal GRB 130427, the
0.3-10 keV energy rangdn addition, a redshift of Z = 0.653
was obtained (Vreeswijk etal. 2018) based on the multiple
follow-up observations with optical telescopes.

The preliminary GRB data will be uploaded to the NASA/
HEASARC database within a few minutes afterthe trigger,

detectorstriggered by GBM (0-3 in most  cases)and the
brightestBGO detector.Figure 1 shows the light-curve and
spectrum analysis range of the detector selected.

In order to track and study the spectral evolution in the burst,
detailed time-resolved spectraiformation is requiredlin this
paper, we use the Multi-Mission Maximum Likelihood
Framework 3ML (Vianello et al. 2015) software package as
the main tool for time-resolved spectrabnalysisof Fermi/
GBM data (Yu et al. 2018). For a detailed analysis of the
process of3ML data, please referto Li (2019a).Traditional
spectralanalysis methods usually use the signal-to-noise ratio
method to slice time. This method can ensure thathere are
enough photons to perform spectral analysis, but it may destroy
the physical structure.Burgess(2014) compared fourtime-
slicing methods. He concluded that to obtain the most delicate
time slicing while minimizing the influence of the mixed
spectrum caused by the inherent spectral evolution, the
Bayesian Blocks method should be used. BBlock has the
following characteristics: (1) Each bin obtained has a constant
Poisson rate(2) Each bin has a different width and signal-to-

4 The data can be obtained by either visiting https://heasarc.gsfc.nasa.gov/

Wa3Browse/fermi/fermigbrst.html.
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noise ratio.(3) The algorithm is used to subdivide the GRB as follows:
light-curve flux for time bin selection. (4) The selection of time

bin reflects the true variability of the data. However, the Ng(e KBD , gool)

BBlock method cannot guarantee enough photons in each bin _ 2 [ (Goo) 3 G didg” n

to perform accurate spectrditting. Therefore,to ensure that Q Q €

there are enough photons to perform spectrditting without (g, F ( e ) (4)
destroying the physicabktructure.We first apply the BBlock ' ei(gB) )’

?\Zt?%%ﬁgata;ﬁ:\%%: gr?et: Ig:‘ytr‘l)e=b(r)igr?tégtcﬁlg:t:(t:tilr-sz%11:31) to where K is the arbitrary normalization constant of flux, B is the
the other detectors follow the same time bin information. Then Magnetic field strength (unit: Gauss), p is the electron injection
we calculate the statistical significance S (an appropriate  iNdeX, and Yool iS the energy of electron cooling during the
measure of signal-to-noise ratio) for each bin and seldihs synchrotron cooling timeunit: kiloelectronvolts.

with S > 20 (Vianello 2018). ¥
FW = Q, Ko () (5)
3. Spectral Model

The empirical model is usually used in the energy spectrum WNere Kess is a Bessel function, Bey = 4.13 + 10 G, e is
analysis of GRBs. We first want to use empirical functions to fidetermined by solving the electron cooling equation using the
the time-resolved spectra of GRBs, and then we want to checkChang and Cooper method. Under synchrotron radiation
whether there are thermatomponents in these time-resolved  cooling, the evolution of the electron distribution function
spectraand finally we wantto see whether these spectra can obeys the Fokker—Planck equation:

also be fitted by physical models. Mg, 1) T
We first use the most widely used smoothing inflection 9. — L c(gne(g, ty + Qg). (6)
power-law function (Band) and cutoff power-law function i 19

(CPL) (Band et al. 1993; Gruber et al. 2014). The Band

; o ; Suppose electrons are continuously injected between Lorentz
function empirical model is

factorsg,;, and Y;q0 With a constant exponent o that

f. (E
gand(~) QM g% Guil g1 Gnax (7)
E a (a + 2)E . L .
[ —\ expl|- 22| E<E, and cooled via emission of synchrotron photons:
_A {00keV E, B2
= s
E b E, (&b Clg = - —4¢ 8)
(—\ explb- a) —=-\ ,Eq E, 6pML
[ {00keV) {00keV _ _ _
(1) where G is the Thomson cross sectiomy, is the mass of the
electron,and c is the speed of light.
where A is the normalization constanbdf spectralfitting, the The modelhas five parametersB, Yeoob Yinjs Gnax @Nd p.

There is a strong degeneracy between B gpdsp we choose
to fix Vinj = 10°. In addition, the fast cooling synchrotron model
fits the spectrum very poorly (Burgess et al. 2014). Therefore,
we set the ratio of ¥, and y,; in the slow cooling range and
fix g, = 108

Previous studies have shown that GRB spectra may contain
three basic components (Zhang eal. 2011): (i) nonthermal

unit is photonscm?keV ' s™'; E, is the peak energy of
the energy spectrum,in kiloelectronvolts; a and B are the
low-energy and high-energy power-law spectral indices,
respectively.

The CPL function empirical model is

fCPL(E) —A[ — exp |- M , 2) componentswhich can usually be fitted by the synchrotron
{00 keV) Ep radiation model, the Band function, and the CPL function
(wider spectrum);(ii) can be fitted by Planck function (BB)
where A is the normalization factor unit when 100 keV is (narrower spectrapeak) or thermalcomponentthe observed
photons cm? keV ™" s7'; E, is the peak energyand a is the GRB spectrum can be a combination of two of these
low-energy power-law photon spectral index. componentsor a combination of all components in a GRB at
Some bursts have additionahermalcomponentsand are the same time (Gao & Zhang 2015). The multi-spectral
generally fitted with the Planck blackbody (BB) function, componenfanalysis of FermiGRB shows thatalthough most
) of it is nonthermal radiation, a single band function cannot fully
f.o(E) = A() E 3) explain all GRB spectra (Guiriec et al. 2013). In addition, if the

exp{E/(T] -1’ BB component is added to the nonthermal Band function,
in many cases the quality of the fitting will be significantly
where A is the normalization, k is the Boltzmann constant, andimproved, which better describes the spectrum of these GRBs,

kT is the BB temperature. indicating thata small part of the radiation energy obviously
The transformation from traditionalempirical fitting func- comes from the BB component. Adding the BB component to
tions to physical models is a naturalfirst choice, which will the spectrum allows quantitative analysis dfs properties to
provide a more reliable test for characterizingthe GRB determine its source (Ryde et al. 2010; Pe’Er et al. 2012). The
environment.In this article, the physicalmodel we use is a Li (2019a) analysisshows that the BB component is very

parametric synchrotron model, which Burgess et al. (2020) hasmportant,and it will seriously affectthe spectralparameters
packaged as a Python package. The cool synchrotron model isand the corresponding physicahterpretation.Therefore,we
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need to introduce the BB component to conduct a comprehen-(DIC). If ADIC < -10, it means thatthe spectrum contains

sive analysis of GRB 180720B. significantthermalcomponentsFigure 5 shows the evolution
In order to check whether there is a thermalomponentn and distribution of the ADIC of the best model.
the spectrume first fit the data using models such as Band It can be seen from the figure thatvhether it is the Band

and CPL; then, an additional BB component is added to model or the CPL model plus the BB componerthe DIC of
check whether it improves the fitting statistics. In order to selecthe fitting statistics has been improved. The number of spectra
the best model from two different given models, we adopt with the DIC of the best modelless than -10 accounted for
the deviation information criterion (DIC),defined as,DIC = 35% (26/73). For the spectrum fitted by the CPL model,

- 2lodP(datg g + 2Pp,c, wheregq is the posterior mean of ~ ADICcp_ is less than zero in the analysis of the pulse range,
the model, and g is the effective number of parameters. The indicating a thermal component that improves the result of the

best model is the model with the lowest DIC; we define entire spectrum fitting. This result is consistent with the results
of the analysis of Moradi et al. (2021). They used CPL and
DDICcp. = DICcpL+Bs - DICcpL, CPL+BB models to analyze 15 ~ 18 s pulses. The ADIC
DDICgang = DICgang+ BB - DICgang (9) obtained wasless than =10, indicating that the BB model

improved the fitting results. In the pulse range of our analysis,
ADIC cp, is less than 0,but ADIC g4, appears to be greater
than 0 at the end of the pulse. The reason may be that there are
fewer high-energy photonsin the late pulse, and the Band
model does not limit the spectrum well. The spectrum
of ADIC < -10 is mainly distributed in the early period of
the pulse, indicating that the thermal componentprimarily

We first use two empiricalmodels to fit the time-resolved exists in the early period of the pulse and gradually decreases
spectra, and then we refit them after adding thermal with time.
components separatelyf.ables 1 and 2 list the fitting results
of the CPL and Band models alone and after adding thermal
components,respectively. Then we use the slow cooling
synchrotron modelto refit these spectra.Table 3 lists the The evolution of a, E,, p, and B with time is shown in
parameters ofthe fitting of the synchrotron model(electron Figures 6 and 7, where a and E, are from the best model
injection index p, magnetic field strength B (G), electron parameters. Spectral parameters have a hard-to soft mode, that

If the BB component is introduced, the ADIC < - 10 in the
sample (CPL + BB fitting is better than CPL fitting alone),
indicating that there is a BB (thermal) componentin the
spectrum (Yu et al2018; Li 2019a).

4. Results of the Analysis

4.3. Parameter Evolution

cooling energy Yeoo (kiloelectronvolts),and energy flux F is, the decrease of the parameter has nothing to do with the rise
(ergecm?s1)). and decay of the pulseand the parameters also show a flux
tracking mode the parameter is related to the rise and faif
4.1. Distribution of Parameters flux. Recently, Yuet al. (2018) and Li (2019b) reported

. P findings that showed the-Elux tracking trend. Li et al. (2019)

B a?gu;iz 23;: c?h?o?thozwmtggeﬁ:;r?g?fcg?r:gdsmg u‘gonBs ?: CTL’ performed detailed time-resolved spectral fitting of the single-
) ’ ’ ’ ’ COOb

energy flux F, and E,. Table 4 lists the means and standard gglesc‘?crfr?lian;g(z;’;ﬁ da&ifglejgs ézaetrg;%r; tt?\i fllcl)Jv;-t?Qc?li?nyg

deviations of the distributions. Since the error of fitting spectralmode (double tracking).GRB 1807208 is a more complex

parameters canndte taken into accounin the histogram we multi-pulse GRB, and the evolution of its low-energy spectrum
performed a kernetlensity estimation (KDE) for the distribu- index a and peak energy, B very fascinating. Figure 6 shows

tion of each parameter. . ;
As shown in Figures 2 and 3, and Table 4, the average valuetgat the spectral index a demonstrates a powerful flux tracking

of CPL and Band low-energy photon index a distribution are mogeial?d tr;e e!{iptronig splt__a_ctrum7indhex P ?r]: the s?/rlphrot][o;

- h L . model also has this mode. Figure 7 shows the evolutionpo
1.09 £ 0.17 and -1.03 = 0.17, which is basically the same as :

the typical value a ~ - 1 (Preece et al. 2000). We also flil’“éthatlsthgwsge flox racking mode, which i difisrent ffom the

all of the low-energy index a do not exceed the so-calle . ; ‘

synchrotron dead line (- 3/2 < a < - 2/3). The distribution ~ Svolution mode of .a; and B always shows a very strong

: flux tracking mode. Figure 8 shows the comparison of the
of the low-energy spectral index a of the CPL model shows a uti d f dB h h h
bimodal structure trend, and the two peaks are at ~ -1 evolutionary modes of f-a and B—p, where E-a shows the

e . opposite evolution in the initial stage,but it later offers a
and ~ ~1.4. The distribution of the low-energy spectral index dggble tracking model. While B—p s%ow a double tracking
gtoj t_h(;a BBZZ% 22?1?;"'5 Se'g?(”:tr Eo_t;\ai (?Ifhcezl:/’e\:gtheavgﬁ;kof B model throughout the analysis stage. The spectral parameters of
is =2 4:'3 + 027 and thg cak value. is‘ between _92 50 and the multi-pulse GRB 180720B show strong flux tracking
S e P : behavior,and we guess thathe parameters showed a strong
—-2.25. Figure 4 shows the mean value of p, B, and y¢ool

are 3.03 + 0.41, 587.08 + 456.52(G), and 4.44 + 2.24) x monotonic positive correlationA detailed parameter correla-

10° keV, respectively We can also find thatthe distributions tion analysis will be given below.
of p and y,o Seem to show single peak profile, while B appears
to be two peaks. 4.4, Correlations between Spectral Parameters

Correlation analysis plays an essential role in understanding
GRB physics because it provides clues to help us revibalir

To check the thermal component in the energy spectrum, wenature. Figures 9-11 show the parameter relationships between
first use the empirical model to fit separately, then add the BB the three models (including the modelafter introducing the
component to fit, and check the difference ADIC of the statisticthermal component), namely, log(F)-a, log(Ep)-log(F),

4.2. Thermal Composition Analysis
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Table 1
Results of the Time-resolved Spectrum Analysis of GRB 180720B Fit by the CPL model

tetart~ totop s CPL CPL plus BB

a E, a E, kT F

(keV) (x10%erg'cm?s™) (keV) (keV) (x10%erg' cm?2 ")

(1) ) @) 4) (5) (6) 7 (8) 9)
1.01-1.58 2331 - 11533 3578.47%%)% 8.69 %43 - 114954 3555.6320%9 378198 8.74 348
1.58-2.90 54.86 - 1.083% 23134238183 13.78 1% -1.079%  2304.908518  3.58318 13.87 142
2.90-4.08 6751 -1.003% 1786.6538213 17.445%2 -0.993%  1780.763758  3.01{48 17.46 23]
4.08-647 11012 - 0.943%  948.6812%, 12.90 §:¢2 - 0.910%  1095.2417812 2059162 13.86 153
6.47-7.64 66.75 - 1.033%%  806.662313% 8.30° 132 -1.0338 8757335399 8.719%2 8.89 3%
7.64-7.99 5322 - 1.023% 1838.0281% 26.3352 - 101388 18901871287  7.58 134 27.37 58
7.99-8.40 7351 - 1.003%  2007.953%88 40.32 3488 -1.009% 2003.683334 28718 40.294%5
8.40-8.73 80.46 - 0.8635%  875.3818%8 29.26 333 - 0.949%  1531.0842%1% 3454283 38.29¢82
8.73-9.33 8760 -1.023%  760.7712% 16.68 22 - 1.013%% 75570188  4.86%48 16.96 228
9.33-10.34  89.19 -1.003%  601.3733% 10.93 §:43 - 10098 668.143901% 16.6043% 11.77284
10.34-11.02 101.89 - 0.9339  1039.081:88 27.085%3 -0.923%  1037.78154%7  6.69%15 27.3934
11.02-11.27 54.80 - 0.983%  763.853153% 17.04 348 - 09438 81945272  13.235%, 17.88342
11.27-12.33 12940 - 0.9539%  978.75140& 26.5933¢ - 09738  1304.6133337 265710 30.66373
12.33-12.64 5943 - 1.003%  473.8313334 10.56 151 - 09993 5561834295  13.85% % 11.224%]
12.64-13.33 6119 - 11338  443.35131%7 6.25 3% - 11298 45654128 67383 6.414:32
13.33-13.50 39.65 - 0.949% 3953019342 8.7qr 188 - 09358 392.961{8% 3.84°370 8.86 2%
13.50-14.19 9512 - 0.923%  490.963318 13.88 121 - 09358 61293138 20983 15.032%]
14.19-14.41 6462 -10038  750.74334%% 209531 -0953% 7965233858  13.94%44] 21.923%
14.41-1479 6523 - 1.0630%  451.45]243% 9.87152 - 1.03988  614.692%8  15.74%1% 11.09 337
1479-15.05 73.87 -0.9Q03%%  709.22135%8 24.78 328 - 090988 7843334  16.7519% 26.42 821
15.05-15.50 -1.0198% 44050882 11.24 137 - 101398 530541548  16.913% 12.30342
15.50-15.84 88.96 - 0.90'3%  820.95]4% 3031392 - 09695 1379.27482° 29233 39.20°872
15.84-16.29 129.66 - 0.90'3%  1018.791894L 50.68 &39 - 0975382 1620523371 35.88312 62.65¢33
16.29-16.44 91.86 - 0.893%  1022.3133318 70.8142° -1.000% 1774463988 448538 86.46 $338
16.44-16.63 11587 - 0.9399)  1667.233158 116.07 §%18 - 09799 2327.89430%%  43.713% 129.77 1432
16.63-16.72 67.36 - 0.9539F  942.7133832 53.35 847 -1.0835%  1709.1871842 401533 67171352
16.72-16.88 7376 - 0.933%  642.911314 31.484% - 0873988 66711188  13.0038% 32.718%2
16.88-17.31 99.02 - 1.033%  443.80%% 16.321%% -1.03982 519911832 17583 17.254%
17.31-17.43 7222 - 09038  739.31135&8 411658 -0.863%  796.501%5%8  17.71472 42.838%
17.43-17.49 6024 - 0.763%%  766.02]35%3 64.32 1481 - 076558  848.62229% 15991478 68.143220
17.49-17.72 105.16 - 0.873%2  664.228043 42,9333 - 08632  669.78§2] 8.59° 857 4407334
17.72-17.99 8161 - 1.0238 434237341 17.49 18 - 1.06 3% 51621781 19.35 783 1904533
17.99-18.61 10232 - 1.0683%  381.218% 11.72 4.9 -1.083% 39985108  10.683% 12.02 18
18.61-18.67 4371 - 0.843%  233.08 093 12.98 253 - 0.843%7 23454572 5.49 583 13.16 35)
18.67-19.11 8164 - 11338 255395222 8.51 5% - 11308 2652484 7648 8.63 159
19.11-19.38 89.75 - 1.04'J% 500.719332 21.46 239 - 1.043%% 582631713  17.3938 23.15%4
19.38-19.50 5049 - 1.07°3%  256.721842 9.852% - 1.093%8 207177882,  8.58%% 10.353%5
19.50-19.63 42.03 - 12433  236.3613}3 6.73 1% 118318 2583713878 76433 7.18 %83
19.63-19.80 40.64 - 13633  218.6318%% 46543} - 13291 307.79%%%  9.272% 51313
19.80-20.41 54.48 - 1.463%  371.183%1 41138 1.453% 380.323819% 4153 41588



Table 1

(Continued)
tatar~ toton s CPL CPL plus BB
a E, F a E, KT F
(keV) (x10%erg'cm?s™) (keV) (keV) (x10%erg' em?2 ")

(1) (2 ®3) (4) (5) (6) ™ (8) )
20.41-22.32 70.05 - 14338  504.413247 3.48 532 1.433% 584.74339%2  8.00°312 3.64 4%
22.32-22.68 4515 - 12038  451.3033%78 5.46 - 119398 446.953327% 3.341% 5.461:¢2
22.68-23.12 3442 - 127598  397.2038%% 3.5¢ 39 - 12338 425783828 7.49%8 3.65 43
23.12-23.38 4699 -1.063%  366.7213135 7.22 138 - 10538 36617129 37123 7.22183
23.38-24.43 73.07 - 1.313%  204.697438 3.40°50% - 12655 275.871313 9.95 118 371328
2443-2522 5039 - 1.380% 1557084 21033 -134%% 16209812 514328 215843
25.22-26.45 4820 - 1.450%  232.87188¢3 1.89°33¢ - 144308 2420317281  aa4rild 1.95 945
16.45-28.08 4131 - 14738  293.37395:3% 1.4833% - 1.463%  301.883368 43938 1.53 948
28.08-28.24 2019 - 125313  267.74248 2.09 43 - 1239313 268.143328 41539 21943
28.24-28.66 57.50 - 1.133% 2244038 494318 -11238 2259789 43138 5.07 988
28.66-29.12 4911 - 1203  258.994%%9 417322 - 12538  352.09%%+40  13.0458, 480228
2012-2929 4482 - 11538  921.643%% 15.6144] - 113388 887.9383%8  4.253%8 15.5547%3
29.29-29062 7899 - 09038  552.278% 18.73 2% - 08939  547.493278 421348 18.56 742
29.62-29.80 4051 - 1.023%  208.99% 8 527443 -1.0089 216.438% 6.26 392 5.40 180
20.80-29.91 42382 - 1.053%  628.452%078 17.27%33 - 1.043%8  643.37342% 7.321% 17.65488
29.91-30.09 8827 - 0.853%  837.0213338 48.193%8 - 08433 838631358 56353 484253
30.09-30.24 66.26 - 0993  576.0413%13 245738 -0.983%  576.49]88 42838 24.83331
30.24-30.33 41.39 - 0.963%  366.55]11% 12.90 3% - 09698  373.20031%  6.283% 13.08 412
30.33-30.52 4477 - 1.183%  295.3011558 6.92 141 - 110538 411473048 13.03342 7.592%9
30.52-30.76 36.69 - 1.093%  204.947792 3.85 3% -1.03%1 211.047282 57738 3.953
30.76-31.12 32.88 - 1420  544.9639% 3.81¢% - 14039 698.6981382  10.18%43 42215
31.12-32.39 4569 - 1.393%  244.80138% 1.76 33 - 1.385%8 2456315338 2.96 188 1.79 342
32.39-36.02 4212 - 1429  219.64181%] 0.89 518 - 14138 2316615347 3.9338 0.92 82,
36.02-39.71 2635 - 14033  246.49312 0.54'3:23 - 13938 262962192  3.873% 05703
39.71-4159 3278 - 1263% 345652128 131533 - 12438 360.0935%8 5.28 358 1.36 953
4159-48.65 30.41 - 1433y  387.332803%8 0.56 933 - 14198 389.37488  3.343%3 0.56 33
48.65-49.09 2019 - 1.09314 40726383 127938 - 102918 38417358  3.923% 1.30° 042
49.094937 202 - 1.163%  866.585818 3.48%3% - 113319 834418885 3.41%8 3.54'44¢
49.37-49.94 39.00 - 1.023%  624.87332%53 5.52 12 - 10138 615523138  3.041% 5.61]3%
49.94-5137 7876 - 1.043% 430 5844 557 9% -1.0338 43146054 4.29 388 5.64 38
51.37-52.24 4645 - 11938  296.42132% 27555 - 11998 3335318982  7.6938 29538
52.24-53.00 3079 - 1.4753%  203.5582] 151935 -1.153%  205.283382 3.38 22¢ 1.54' 933
53.00-55.36 30.93 - 1.24'3%  186.81]3 % 0.7552 - 12438 206.10713% 458338 0.80°333




Table 2
Results of the Time-resolved Spectrum Analysis of GRB 180720B Fit by the Band Model

totart~ totop s Band Fitting Band plus BB Fitting
‘ P = 6 F1 2 a 3 E KT F
(1) ) @) @) (k(?)/) - o ) @ ®) (k(g\{) kev)  (x10°erg' em? s
101-158 2331 - 104098 - 204028 15548333803 118 (10) (1
1.58-2.90 54.86 - 1.06_*§;§§ - 263*§§§ 1945'3;32;%;3% 163-?927.;21_.5794 1 gigig - 1.99_*8;U§§5 1381.3119812  3.56°34] 6777458
2.90-4.08 6751  -09773% - 255313 1460_22%3% 17'0‘;;?2 ] 0'961?)183 - 2_62_;01%6 1892123528 3.88 342 13.21188
408-647 11012 - 0930% - 26701F  881.91%8] 144710 oty B 25901 1455'8022233 3.07 181 174738
647764 G075 -0998% -2308) 6454270 09813 osalE  2iadis SR testld 1499148
764799 5322 - 0900% -207%1]  899.8613%3 2430457 ot A 23701 05259508 461838 1011148
reood0 7351 089 21988 1033008 243448 Josuig - 20788 8935314337  3.92°%% 24.45 43
840875 8046 -07gRE -23433  ecaTIEI pt oot BRSO Bl bt %3154
873933 8760 -0998% -23081  63521%% 205123 et St B 1 B 34.49 34
9331034 8919 - 09609 -22197 49561483 1457188 pvet /ANt 4 Sotach /S 2091349
1034-11.02 10189 - 09288 -3240%  976.98 5 270128 ooyl - 224‘*8:3‘1 522'3223%% S8 5% 1488328
11.02-1127 5480 - 0.950% -24502 6531488 2010 347 Coopl - 32824 969.088%48  7.032%% 27.93371
11271233 12940 -093% -2363% 80186157 304133 [OSTBE C24TRE STSIEL SR 21158
12.33-12.64 5943 - 088008  _ 202010 5% e 09088  -2488])  92303%%  20953§ 31.04 348
3006 0270110 316.30 4563 16.18 333 - 084388  -202849 315774389 iot - 28
12.64-1333 6119 - 1100%  -239922  387.934582 7.99 159 - 1.0008 - 0.09 TG 6164 16.41 388
13.33-13.50 39.65 - 093008 - 26532  365.26 1% 1043743 Coorom 24T o1 395-993;155 5.32 38 791148
13.50-1419 9512 - 08338 - 213%%  369.73% Y 1962280 [ootom - 26483 36259 gg;gg 381288 10.58 244
14.19-1441 6462 -0983% -2849%  68381E% 9275311 oszam - 2.22_*3_-;:3 436.85%;% 15.09 382 19.75 419
14411479 6523 - 0990% -219812  348704R% 1362355 pycti Beit: BN - SRt 234153
14.79-15.05 7387 - 0.893% - 27293 666.8frggigg 28_27;?3-_33 : 0.3913332 - 2.37_*8;23 491.853%}2 14.62 212 13.50 328
15.05-1550 7357 - 0959% - 231015 352473391 145728 oot I 27885 7274085 1381113 29.62 748
15501504 8896 - 08508 - 23101 6608257 36.95 387 091838 - 24003 08045 10T 14.65 373
1584-1629 12066 - 08308 - 22488 75434*;%%‘ oA g-zﬁ 8 - 2.41_*‘!3):5 803.56%}7:83 20.54 351 382782
16291644 9186 07988 - 22908 7029983 5091521 ot Bt LA § B 0595
16.44-16.63 11587 - 0803% -2150%8  936.89 193] 113,40 1163 ost: I 225810 7422300 1048452 82.86 1998
16631672 6736 - 086005 - 22101 64498882 o6 081883 22138  1101.7813283  26.01 782 116.46 1263
g 20,04 2To12 98 8328 62.24719:48 - 086005 - 222013 661.96 86.03 o - 1630
16721688 7376 - 08748 - 215815 5075153 4301553 - 07gdis +010 osoo 598 4o 6185 {35°
16.88-17.31 99.02 - 0.97°0%  -222011 355683248 99 92325 [oTag - 2.17_*%;11g 514388582 10.86 333 4275311
17311743 7222 - 08938 -3079%  699.55 510 44100469 085005 ) z'zgfgi;g 395'79§§533 12.02 41} 2226488
17434749 6024 - 0703% - 24500 63178598 7662 32 et i BNt IO i 45.09 14
17.49-17.72 10516 - 0.86°0% - 32092 637.57_‘%%%& 45'5%130.4774 ) O-Bég:gg - 2-45fgf;3 642.34 7148 8.55 882 78.16 43,
17.72-17.99 8161 - 0983R - 24808 373438 213232 et Bt Bt | B 48755
17991861 10232 - 104093 - 261021 34946233 13.90 186 oyt 25402 411-77531?? 11.08 {302 2184742
lotieer dart L oorih sonid rossin 1380358 ot 26088 se26238  s4Eh 14.08 189
18.67-19.11 81.64 _ 10?8182 ~ 240}8:12 214-35%98 11-0‘;’%%}, ) 1-0ég:%g - 2.9(?8:% 218.65%19223 4.6@%58 15.04%]%8
19.11-19.38 8075 - 10288 27238 473311 207332 Ctoros sl 215'1443:2%8 4otsie 11215
19.38-19.50 5049 - 096388 - 234018 10823242 1347397 - 0.06 008 ) 279333 521'8(1%535’2 1440823 254143
1950-19.63 4203 - 108018 - 216019  147.993% 1013524 fppd I 2330% 2006755 4603% 1364381
19.63-19.80 4064 - 0977937 - 2.03313 97,6532.53 79 6;13-_‘53 ] 1'0418252 . 2.22,*8;?3 164.063%22 5.89'%3) 10.1352
19.80-20.41 5448 - 14008 - 213812 252838 567142 iagt . 2'0q3:}§ 124'72253%5 498347 7.68 38
20412232 7005 - 140°9% - 223028 37614813 435080 et A 212415 24990588  3.583% 5.8513]
pmores M5 PR . zaen  serstni wot1 ot 22008 4045755, 5.44 488 43988
22682312 3442 - 125088 - 2500% 34663834 4_21’,1-2 ] 1'2213'.83 - 2.39}8;58 384.1325;;2 3.40'3:03 6.96' 144
2312-2338 4699 - 1.039% - 25503 3262251 888201 et A 2508%  O74d0RRE O4giE 442 {8
23.33-24.43 7307 - 0940} - 1970%  90.7t]ige 600287 et 25488 o2818%  3613% 872%%
24432522 5039 - 1.340%8 - 25302  136.3415% 250068 yed i 223848 119815g  8044R 5.0238
25222645 4820 - 14008 - 24002 182478 033 068 Cisg00h 2540y 19903 183 4313 261872
; 3808 39008 -2420%  185998% 38038 2.36° 28]



Table 2

(Continued)
Band Fitting Band plus BB Fitting
tstart~ tstop S
a 3 E F a B E KT F
(keV) (x10 % erg" cm? ™) (keV) (keV) (x10Cerg’' ecm? s

Q) @ ®) @ ®) (6) @ ®) ©) (10) (11
26.45-28.08 4131 - 1.423% -23803%  220.6253% 1.833:89 - 141388 - 2399% 22724 38 378318 1.82°9587
28.08-28.24 2019 - 119313 - 23903]  201.283341 2.82 153 - 1183 - 24083 203.56 2387 3.76 24 301128
28.24-28.66 5750 - 11138 - 270°92¢  204.93]8%¢ 5.801 {12 - 11088 - 27082 206.17 1888 40738 592112
28.66-29.12 4911 - 114337 - 2513288  213.6533% 510142 -1A70% - 25833 252.55 -2 832891 5.36'78
29.12-29.29 4482 - 11288 - 254921 75878 118% 16.77 3¢ - 11098 - 25383 73041138 41739 17.06 438
29.29-29.62 7899 - 08833 -27932 5125935 21.08 #3¢ -086'3%% - 278932 508.92 37-32 440382 21.30'3%%
20.62-29.80 4051 - 096'383 - 256338 1841731 6.59'28% -0.96318 - 25703 19244398 5.87' 312 6.87" 342
29.80-29.91 4282 - 1.033%® -24633¢  557.94391 21.29 48 -1.02988 - 2489%8 566.94 3682, 6.68 842 2147598
29.91-30.09 8827 - 08238 -283318  767.23%78 52.094 5% - 08298 - 282018 766.33 383 5.39°§32 52.87 563
30.09-30.24 6626 - 09833 -27233% 5428928 28.05 358 -09798% - 2739% 544.39 8178 421387 28.283%%
30.24-30.33 4139 - 08838 -245028 194747338 16.09 48 - 087798 - 245832 296.80 4§82 4.89358 16.23 543
30.33-30.52  44.77 - 088318 -20631 16324533 111728 -1.02913 - 23793 29547]%81° 1077 2% 9.90°§%3
30.52-30.76  36.69 - 1.02010 - 240038 16983373 5.247185 -0.95318 - 2447037 175.74 3578 52332 5.30' 181
30.76-31.12  32.88 - 1.3501} -246033]  437.08 121§ 460282 -1.389% - 25538 627.0134873  9.945% 497%18
31.12-32.39 4569 - 1367038 - 24703 208.953848 2.16' 352 - 1350308 - 245327 206.93 3582 285143 2.18 3%
32.39-36.02 4212 - 138398 - 22502 1647748 1.2404% - 134008 -225025 1648148 304163 1.28"9%0
36.02-39.71 2635 - 121318 -2078%  131.088%% 0.89 572 - 120037 - 20798 134.07 429 2.831% 0.90' 3¢
39.714159 3278 - 1200018 -22133%  267.69§%% 1.88 08 - 11831 - 22153 279.22 %273, 452439 1,92 (44
41.59-48.65 3041 - 1333R  -2479% 21817131 0.74 331 - 132810 - 22298 230.6183:3¢ 3.05217 0.76" 338
48.65-49.09 2019 - 107014 - 244328  328.7535%, 1.66° 388 -0.99317 - 245338 303.83 8354 3.66'398 1.64" 32
49.0949.37 2095 - 1.153% -2263%  768.96 2332 48328 - 1108 - 2219% 690.34 %5233 3.39182 499288
49.94-51.37 7876 - 1.023% -2693% 40024311 6.49 382 -1.019%% - 268328 397.4¢0 3393 3.95 38 6.55 999
51.37-52.24 4645 - 110887 - 217318 21790 B4R 413442 - 11008 - 219928 227.21 4183 439438 40913
52.24-53.00 3079 - 11638 - 271031  192.023588 177348 - 11438 - 271939 192.05 3876 3.51344 1.81 952
53.00-55.36  30.93 - 115313 -240°330 146703312 1.02 347 -113813 - 240828 146.77 3943 3.24°2.83 1.02°34%
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Table 3
Results of the Time-resolved Spectrum Analysis of GRB 180720B Fit by the Synchrotron Model
totart= tstop s Synchrotron Statistics
B P Yoool DIC
(G) ( x 10%eV) (x10gerg'cm2s™)
(1) ) (©) 4) ®) (6) @
1.01-1.58 23.31 606.65 13519 2.413% 8.733% 6.39383 1848.51
1.58-2.90 54.86 922.95119.32 2.52:318 1.92 924 12.02 383 3185.23
2.90-4.08 67.51 1335.611138¢ 2.94217 2939082 15.78 231 3092.08
4.08-6.47 110.12 1148.67 8378 31431 1.65 548 14.88 434 4339.16
6.47-7.64 66.75 631.22 2% 2.75 018 2.93 934 108945 3093.19
7.64-7.99 53.22 1080.82 19533 27951 47325 2412 1888 1615.11
7.99-8.40 73.51 1324.82 10884 2.90° 314 2.56'973 34.60 172 1906.80
8.40-8.73 80.46 1410.6119489 3.50 33! 2.96' 148 33.34 1938 1636.28
8.73-9.33 87.60 650.4149:28 279514 218943 22.298%% 2407.71
9.33-10.4 89.19 569.37 4557 277913 212928 15.49 52 2993.88
10.34-11.02 101.89 1532.65348] 3.84°0%3 2.06' 3% 27698 2581.53
11.02-11.27 54.80 796.35 8288 3.06' 93] 3.86 182 21.20 3417 1282.30
11.27-12.33 129.40 1081.773553 3.0131] 1.45920 31.1Q 23 3301.02
12.33-12.64 59.43 458.84 4832 286318 6.94 33 16.5Q 4542 1473.26
12.64-13.33 61.19 30217519 2.65 512 2.46943 9.68 322 2233.26
13.33-13.50 39.65 581.2898:58 35153 7.438%73 11.67 538 726.31
13.50-14.19 95.12 645.71428 3.08 312 3.38°9%8 19.79 373 2476
14.19-14.41 64.62 819.63 5588 3.2432% 2.859%8 23.85141° 1209.06
14.41-14.79 65.23 366.57 3199 272918 2.96 14 15.1323] 1623.46
14.79-15.05 73.87 1084.00 839 3.539% 3.72 14 28.32 4672 1384.58
15.05-15.50 73.57 472.46 3897 3.00° 318 3.229%8 15.77 582 1836.03
15.50-15.84 88.96 1118.77 729 32131 263988 37.30°15:83 1784.69
15.84-16.29 129.66 1305.9353:39 31798 2.3¢:958 58.812577 2226.47
16.29-16.44 91.86 1348.65 9313 331918 517158 82.1653% 1034.38
16.44-16.63 115.87 1653.69135% 3.08313 2.81]28 114.953238 1404.22
16.63-16.72 67.36 992.55 8338 31193 5177314 63.88 3183 543.44
16.72-16.88 73.76 761.33858 3.01313 41333 43.752484 894.27
16.88-17.31 99.02 433.005%83 2.85313 2.3493 23.128%2 1950.62
17.31-17.43 72.22 1231.18 11222 3.85 928 4.09938 44852431 778.05
17.43-17.49 60.24 1611.68 14480 3.819%0 6.59 35 79.915.8% 241.92
17.49-17.72 105.16 1316.158515 429524 21798 46.20 1352 1483.18
17.72-17.99 81.61 477.683%3%5 3.09317 341378 23.61.'%%, 1370.14
17.99-18.61 102.32 388.20 2883 29731 1.98 9% 16.42 358 2428.75
18.61-18.67 43.71 473.07 8318 4.05 3% 42338 15.62 1131 22368
19.11-19.38 89.75 528.84 418 3.04 311 2.419%% 27.9719%3 1460.30
19.38-19.50 50.49 300.92 3810 3.26 92 7792108 14.46 388 600.75
19.50-19.63 42.03 170.60352° 2.95%1 6.07° 38 10.7Q¢ 5§89 513.34
19.63-19.80 40.64 123.96 1813 2.899%1 48032 7.37373 733.93
19.80-20.41 54.48 73471385 2.37913 2.60 948 6.90° 538 2031.20
20.41-22.32 70.05 78.71153%; 2.24'3% 1.42332 5.65 288 3623.95
22.32-22.68 4515 251.25 217 2.65 53] 3.69 1% 8.55 388 1521.97
22.68-23.12 34.42 175.653%2 2.61323 5.30 % 5.76 %8 1562.32
23.12-23.38 46.99 400.88 3333 3.19528 6.3537% 10.06 %3 1143.89
23.38-24.43 73.07 128.20 1938 2.80° 011 3.001%7 5.522% 2773.10
24.43-=25.22 50.39 102.83 1328 293512 522103 3.16248 2239.08
25.22-26.45 48.20 87.61 135 2.65314 3.313% 3.132%8 2841.45
26.45-28.08 41.31 74.58 1253 252312 5.54 384 2.48%2% 3242.56
28.08-28.24 20.19 179.72 4338 3.0903 9.2272 3.053% 535.13
28.24-28.66 57.50 245.613823 3.22928 4.4233L 712318 1664.68
28.66-29.12 49.11 217.84%380 3.0251 3.3119% 579338 1643.66
29.12-29.29 44.82 447.351291 2.66 3% 3.35988 19.54 1333 831.43
29.29-29.62 78.99 9527174738 3.78 922 28312 21.55 %75 1593.37
29.62-29.80 40.51 279.1134 3.37 3% 6.22 438 7.60 3% 838.71
29.80-29.91 42.82 505.12 7983 2.88 522 5.96 3% 23.23 858" 426.44
29.91-30.09 88.27 1603.20 11234 4.019% 2.64 11 53.63288% 1199.12
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Table 3
(Continued)
tstart™ tstop S SynChrOtron Statistics
B p Ycool F DIC
(G) (% 10%eV) (x10_gerg' cm?2s™)

(1) ) @) 4 ®) (6) M
30.09-30.24 66.26 705.59 831 3.329%) 4381328 30.49 1258 837.88
30.24-30.33 41.39 508.18 81:32 345528 714928 17.17 3124 341.80
30.33-30.53 44.77 238.11252 2.92 311 5.46 312 10.61544 874.62
30.52-30.76 36.69 231.863%2 3.22 928 6.0332¢ 6.26'439 1028.91
30.76-31.12 32.88 116.15 2283 252918 6.73 1% 547419 1371.09
31.12-32.39 4569 107.85818%7 2.66 311 3.15588 27821 2936.01
32.39-36.02 4212 93.78 1334 2.69313 44322 1.47°3% 4408.23
36.02-39.71 26.35 100.09 1922 274518 11.228% 0.94378 4363.42
39.71-41.59 32.78 148.01583L 253312 5.86 322 2.29 158 3389.04
41.59-48.65 30.41 90.78 2183 252318 5.92 128 0.98 3% 5324.66
48.65-49.09 20.19 347.927288 3.239% 12.54 118 1.70 488 1404.79
49.09-49.37 20.19 385.94 919 27393 8.65 882 469488 1032.68
49.37-49.94 39.00 625.5583:%3 3.09 3% 5.3193 714588 1976.49
49.94-51.37 78.76 457.253384° 3.003% 22793 7.76 335 3321.90
51.37-52.24 46.45 202.09 2822 275518 51033 4.6832 2406.34
52.24-53.00 30.79 215.48328 3.27°0% 5.94'239 21618 2143.60
53.00-55.36 30.93 161.4323% 31032 51732 111390 3677.91

log(Ep)-a, log(F)-pP, log(F)-B, andlog(B)-p. Table 5 gives  spectraand these spectra can be welitted by the empirical

the results of a Spearman rank correlation analysisFrom Band function.In Figure 12, we make a comparison between
Table 5, it can be seen thatll of the parameter pairs reveal  the energy spectrum fitted by the three models and the fitting
strongly correlated relationships. residuals ata time interval of 16.29-16.44 s as an example.
The left panel in Figure 9 shows the correlatidog()-a. This again clearly shows that all three models adequately
Previous analyses (Borgonovo & Ryde 2001Firmani et al. representhe data.Figure 13 shows the modekurves of the

2009; Ghirlanda et al. 2010; Yu et al. 2018) revealed that thereBand function, CPL function, and synchrotron model. It can be
are three main types kifg(F)-a relationships: non-monotonic  seen that the two curves of the Band function and the
relationships (contains positive and negative power-law seg- synchrotron model are basically the same in the GBM channel.
ments, typically with apparent discontinuities at the peak flux), The CPL function is the same as the other two functions in the
a monotonic relationship (described by a single powdaw), energy range of 10 ~ 10°keV and shows a significant

and no evident trend. The log(F)-a in the time-resolved difference after 16keV; thatis, it cut off in the high energy
spectrum of GRB 180720B shows a close positive monotonic range.Our results seem to reveahat the synchrotron model
correlation (r = 0.85, p < 10). Figure 9 shows the correlation can also interpret the Band function in the GBM channel
betweerlog(F) and logEp). The relationship between the two  (Zhang et al.2016).

is similar to that illustrated in Figure 9, showing a close We systematically checked the correlation between the Band
positive monotonic correlation (r = 0.65p < 10°4). Another model parameters and the synchrotron modedrametersAs
meaningful relationship, the relationship of a—log(Ep), has shown in Figure 14, we find that there are three parameter pairs
been studied in previous papers (Lloyd eal. 2000; Kaneko that have a strong correlation: a - p (r = 0.65, p < 1 x~f0;

et al. 2006; Chhotray & Lazzati 2015; Burgess & Ryde 2015). log(B)-a (r=0.83, p <1 x 10°*); and log(B)- log(Ep) (r =

As shown in Figure 9, it has a similar relationship with 0.82,p <1 x 107*). This indicates thatthe observed spectral
log(F)-a, that is, a close monotonic positive correlation characteristics can be explained by changes in feagnetiza-
(r=0.44, p < 10°%). Figure 10 shows the relationship of the  tion and electron injection parameters (Zhang et2416).
synchrotron model parameters:log(F)-P, log(F)-B, and

log(B)-P; the three relationships are allmonotonic positive

correlations4, and the correlation c40efficients are: r=0.51 5. Conclusion and Discussion
(p<1x107),r=087(p<1x107), andr=0.56 (p < 1 x GRB 180720B is a very bright long burst with a multi-pulse
1077). structure. We apply the Bayesian blocks method to perform the

time slicing and use two empiricalphoton models (CPL and
Band models)and a physical model (synchrotron model}o
perform detailed time-resolved spectrA.total of 73 spectra

As shown in Figure 11, we compare the DIC of the CPL were obtained, and their properties are studied. We reach some
model,the Band modeland the synchrotron modelt can be interesting conclusions about GRB 180720B.
seen that the Band model and the synchrotron model both give First, our studies reveal that 73 time-resolved spectra can be
the same DIC, while the CPL model and the synchrotron modeivell fit by the CPL and Band models. Moreover,with the
are slightly different. This shows that the physical model addition of thermal components,the fitting statistics are
proposed by Burgess et a{2020) successfully fits the typical  significantly improvedwhich reveals thatfor GRB 180720B,

4.5. Empirical Model versus Physical Model

10
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Figure 2. Parameter distribution of the CPL and CPL+BB fitting parameteFae curves represent the KDE of the distributions.

there are significant thermal components (~40%). The spectrumynchrotron radiation. Fireball-based and Poynting flux are both
with thermal components (ADIC < -10) mainly focuses on the physicalmodels at the two extremes.Another possibility of
beginning (0 ~ 20 s ) and peak phases of the pulse. The therm&RB’s jet composition is a hybrid system, which has both
componentgradually decreasedndicating that Fermi multi- thermalfireball and Poynting flux component€sao & Zhang
pulse GRB may transition from a material-dominated fireball to(2015) provided a more comprehensivedescription when

a magnetic-dominated Poynting fl@&enerally, the GRB jetis  explaining the origin of the GRB jet composition. They believe
likely to be a hybrid system, with both a hot fireball componentthat the GRB jet composition is a hybrid jet. Li (20d8ad this

and a cold Poynting flow component(Gao & Zhang 2015). method to analyze eight Fermi GRBs and found that the hybrid
Some bright bursts (such as GRB 91111824) show thermal-likget problem can explain most outbreaks (possibly all). Therefore,
time-resolved spectra &te beginning or near the peak of the  GRB 180720B also supports hybrid jet model by performing the
pulse,and nonthermaltime-resolved spectra appemrsubse- time-resolved spectral analysis.

quent pulses,which may indicate a gradual changein jet Second, it is found that the value of the low-energy index a
composition (Ryde et al. 2010). Zhang et al. (2018) reported thef GRB 180720B does notexceed the so-called synchrotron
spectralcharacteristics of GRB 160625B with three sub-bursts radiation dead line for both with and without thermal

and found that the spectra between differerdub-bursts have = componentsAs is known, the typical spectrum of GRB can
differentphysicalorigins;for the first time, it is proposed that  be describedby the main nonthermal components(Band

from the early stage to the later stage of the burst, it is from thefunction or CPL), some of which have additional thermal
fireball to the Poynting flux dominant outflow transition. In components (Planck function)In the previous analysis, the
addition,Li (2019b) analyzed the time-resolved spectra of four low-energy index ais usually used to infer the radiation
bright GRBs (GRB 140206BGRB 140329B,GRB 150330A, mechanism of prompt emission.When a > -2/3 (the dead

and GRB 160625B) and found that the BB component mainly line), synchrotron radiation cannot generatethe spectrum.
appeared at the beginning of the pulse, followed by nonthermaBurgess et al(2020) found that the spectral index a fitted by

11
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Figure 3. Parameter distribution of the Band and Band+BB fitting parametditse curves represent the KDE of the distributions.
Table 4
The Values of the Average and Standard Deviation of the Parameter Distributions
Model alp B/B(G) Ep/Y coofkeV) F(x10%erg"' s cm?)
CPL -1.09 £ 0.17 L 644.32 + 557.34 1.64 +1.94
CPL+BB -1.08 £ 0.17 L 618.87 + 522.61 1.79+2.21
Band -1.03+0.17 -2.42+0.27 489.11 + 343.17 1.88 £2.06
Band+BB -1.01 £0.17 -2.45+0.26 509.59 + 337.60 1.91+£2.10
Synchrotron -3.03 £ 0.41 587.08 + 456.52 444 +224 1.97 £ 2.09

the Band function exceeds —2/3,but the synchrotron model Band function and the synchrotron model have almost the same
can fit well. The a of GRB 180720B does not exceed the model curve. We also fit the time-resolved spectra with the
synchrotron radiation dead linddowever,the introduction of synchrotron model and find that the model curves of the Band
thermal components can improve the fitting resuiiglicating function and synchrotron modelare almostthe same in the

thatit is not accurate to infer thermaladiation from the hard GBM channel. Therefore, our results also reveal that the
spectral index (Zhang et a016; Burgess et aR020). Based synchrotron model seemsto be consistentwith the Band

on the a of GRB 180720B not exceeding the synchrotron  function in the GBM channeland the synchrotron modetan
radiation dead line and there is a thermalcomponentin the also explain the origin of the Band function (Zhang et al. 2016).
spectrum,so we used the synchrotron modeto fit the time- Third, we also find that the empirical model parameterg a, E
resolved spectrumand found that in the GBM channel, the and synchrotron model parameters p, B of GRB 180720B show

12
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a special spectral evolution model. The evolution model gf E
and a in GRB 1807208 is different; a shows the flux tracking
mode,and atthe beginning of the bursE, has a hard-to-soft
evolution mode followed by a flux tracking mode. The

show flux tracking patternsand aboutone-third of the pulses
show hard to soft. For a evolution, flux tracking accounted for
65% of pulses and hard to sofaccounted for 25% of pulses.
Our results indicate thaspectralevolution may be the key to

synchrotron model parameters p and B appear to be the doubleinderstand GRB radiation physics and the origin ofrarious

tracking model. Significantspectralevolution can usually be
observed formulti-pulse bright bursts,which provides more
clues aboutGRB promptemission.An exciting feature is the
relationship between E,, a, and fluxinthe GRB pulse.

observed spectral-energy relationships (Ghirlandalef004;
Liang & Dai 2004; Liang & Zhang 2005). Below we will
discuss the possible reasons for the behavior of agrch&B
and p flux tracking,respectively.

Previous studies have found that parameters usually have two  The curvature effect can explain the evolution (ffang &

types of evolution patternsthe first type shows an evolution
pattern from hard to soft, which means that E, decreases

throughout the pulse, even during the rising phase of the pulse

(Norris et al. 1986). The second type is the tracking mode,

which rises and falls with the flux (Golenetskii et al. 1983). The

superposition of hard-to-soft evolution pulses may cause
apparenttracking behavior (Lu et al. 2012). It has been
proposed that alpulses may be consistemiith a hard-to-soft
evolutionary model (Hakkila & Preece 2011). However,
(Li 2019a) found by studying large-sample multi-pulse GRB
that, for the evolution of E,, abouttwo-thirds of the pulses

15

Mészaros 2002). Based on the typical energies DEg/(1 +

z)in the decay stage, specific luminésity DZ ¢ and bolom-
etric luminosityL s, = D€L ¢, (D is the Doppler factor), we can
getEpu Lile/(1+ 2F (Bg L), Epp L2 /(1 + 2f e(Eg, L12),
where f(E& Ly = Eﬁ/LigoVe, f¢(EI¢, Ly = Eg/LﬁVZ_ The
relationship betwedn p L
tracking behavior.

areandEp p L2 can give Eflux

In the standard synchrotron model,a similar relationship

can be derived. The peak energy can be written as
Epp L'2gZ R (1 + 2y 7, where L is the wind luminosity
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Figure 11. Comparison of 73 spectral fitting statistics of the DIC of the CPL modBgnd modeland synchrotron modebnd the shape of the energy spectrum.

of the projectile, ye o is the electronic Lorentz factorof the
radiation area, and Ris the radiation radius (Zhang &
Mészaros 2002)The flux tracking behavior can be given by

16

the relationship of Ep p L2 It can also be seen from the
above relationship that flux is related to the evolution of shock
wave intensity (¥ p in the shock wave traversing process and
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Table 5
The Spearman Correlation Coefficient of the Parameter Pairs
Model F-a(F - p) F-EyF -B) a-EpB-p)
r p r p r p
Nonthermal 0.85 =10~ 0.65 =10~ 0.44 =10~
Nonthermal+BB 0.85 =10 4 0.70 =10 4 0.50 =10 4
Synchrotron 0.51 =10 0.87 =10 0.56 =10
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Figure 12. Comparison of the CPL modeBand model,and synchrotron model with an interval of 16.29 ~ 16.44 s.

phlvI

with the hard-to-soft evolution pattern of the pulse rising phase.
GRB 180720B shows a hard-to-soft evolution model in the

mode can be explained by the synchrotron radiation model in
the subsequent pulse. In the same GRB, two different evolution

10712 4 — ot rph> rs= ph M L /4[' 12 (I’ h/rs) 28 , f's=Nro and ¢ Eh I—wr]
Zo e the observertemperaturecan be expressed as
~ 10-13] crL L;®"2rl# (B8 (Deng & Zhang 2014). From the above
IE formula, it can be concluded that if n anglare constants, and
O /f" E, and L, are inversely relatedThis trend seems consistent
— -14 |
' 10 ///
S 10-15 _// early stag_e of the pulse, which is consistent with ’Fhe
I’ interpretation of the photosphere modélhe E, flux tracking
NO\
QL_) 10—16 4
patterns appeaindicating the graduathange of jet composi-
tion and evidence that the multi-pulse GRB 180720B jet may
10'17101 "y s transition from a material-dominated firebalto a magnetic-

keV

Figure 13. Comparison between the two theoretical models i
blue dotted line, purple dotted line, and orange dotted line re
spectrum shapes othe synchrotron model,the Band model, an
model, respectively,and the shaded part representsthe 0.68
interval.

the number of electronsbeing shocked. It shows
synchrotron model can produce E, flux tracking b
(Uhm et al.2018; Li et al. 2019).

On the other hand, the dissipative photospher:
attributes E, to the temperature of the photospher

et al. 2006; Lazzati & Begelman 2009; Ryde et al.

Ruffini et al. 2013,2014; Meng etal. 2018).In the r

dominated Poynting fluxRegarding the tracking behavior of
a, Li et al. (2019) pointed out that a becomes harder during the

igure 12. The rise phase, which indicates that electrons are evolving from the
sent the energ

¥ast cooling zone to the slow cooling zone. In the decay phase,
a becomes softerin observation. The curvature effectmay
control the decay phase ofthe wide pulse (Uhm & Zhang
2015,2016).

In the fitting parameters of the synchrotron modef GRB
180720B, both B and p have the behavior of double-flux
tracking. In the synchronous model, the observed flux is given
by F = stCCgZBN, /24p702, where B is the magnetic field
intensity in the comoving frame, Ns the number of radiating
electrons,and y is electronsto be acceleratedto some
characteristic Lorentz factor (lyyaret al. 2016). We can get
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Figure 14. Parameter relationship between the physical model and empirical model.
F « [?B®N,, and we can know that F and B have a strong the thermal components in the GRB 180720B are notonly

correlation through the previous correlation analysis. This may distributed at the beginning but at the peak phase of the pulse.
be that B has the behaviorof flux tracking, but the specific Second, we conducted a detailed time characteristic analysis of
physical process is not known yefye know that the electron  the spectral parametersand found that a has a strong
spectrum index p of the synchronous mod=in be converted  correlation with flux and exhibits flux tracking behavior, which
into the photon spectrum index by = v~ (P"V271 ‘thenwe is the same asthe result found by Duan & Wang (2019).
cangeta=-(p—1)/2-1. Through analysis,we also get However,the time evolution behavior of  is different from
that p is strongly correlated with F and a; they have similar their results. They proposed showing the flux tracking behavior
tracking behavior, and we guessthat they have the same throughoutthe pulse.But our resultis that at the beginning
physicalorigin. The physicalreason why both p and B have (0 ~ 7 s) of the pulse,there is a hard-to-sofevolution mode,
flux tracking behavior is still not apparent.Here we only followed by a flux tracking modeThe difference may be that
analyzed one bursflo explain this phenomenon welg large the method of slicing the bin is differentThe time bin of the
number of samplesshould be studied, and further studies traditional signal-to-noiseratio method is relatively rough,
should be conducted through numericalmulation and other which may conceal the physical characteristicslnspired by
methods. these strong correlations, we checked the Amati relationship of
In summary, the energy spectrum components and energy the burst.As shown in Figure 15, the burstconforms to the
spectrum parameters of GRB 180720B in the prompt emissionAmati relation, but the introduction of the BB component
phase have interesting evolutionary characteristi¢srst, we weakensthe Amati relation. Third, we use the Bayesian
introduced the BB componenbased on the empiricainodel. method to perform detailed time-resolved analysis. We present
We present that adding the BB component improved the fittingthat the low-energy photon index a in the prompt emission
statistics, indicating that the spectrum of GRB 180720B phase does notexceed the synchrotron dead linewhich is
contains thermal components.Different from other results, consistentwith the results of Duan & Wang (2019), and
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