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Abstract We analyze the emission plateaus in the X-ray afterglowt lgghives of
gamma-ray bursts (GRBs) and those in the optical light ciofaype Il plateau su-
pernovae (SNe 1I-P) in order to study whether they have amtéite energy injection
behaviors. We show that correlations of bolometric ener@eluminosities) between
the prompt explosions and the plateaus for the two phenoarersamilar. The energy
emitted by SNe II-P are at the lower end of the range of posshbergies for GRBs.
The bolometric energies (or luminosities) in the promptge8exp1 (Or Lexpi) and
in the plateau phask,jatean (OF Lplatean) Share relations aFey, o« Eggf’j;?l'“ and
Lexpt o< L3270 These results may indicate a similar late energy injedtigimavior

plateau*

that produces the observed plateaus in these two phenomena.
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1 INTRODUCTION

One of the major topics for today’s astrophysicists is toarsthnd the explosive mechanisms of
gamma-ray bursts (GRBs) and core-collapse supernovaeinterestingly, a radiation plateau often
appears in the X-ray/optical bands of GRBs and a similarcapplateau appears after the initial
bursts of type Il plateau supernovae (SNe II-P). We focushim feature and study the possible
relations of the plateaus with the initial bursts for these kinds of events.

On one hand, the early X-ray afterglow of a GRB is found to shaanonical behavior (Zhang
et al. 2006; Nousek et al. 2006) that can be observed by theyXTRlescope (XRT) odwift. As
one of the components in this canonical X-ray light curve,shallow decay phase, i.e. “plateau,”
typically lasts a few thousand seconds with a temporal dslcgoe~ —0.5. Various kinds of models,
such as the energy injection model (Rees & Meszaros 1998 &koet al. 2006; Zhang et al. 2006),
the reverse shock model (Genet et al. 2007), the two componedel (de Pasquale et al. 2009),
the dust scattering model (Shao & Dai 2007) etc, have beepogeal to explain this enigmatic
phase. However, a chromatic behavior, where no opticaklmespectral evolution occurs during the
transition time {;,) from the plateau to the normal decay phase in more than fiédoursts (Fan &
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Piran 2006; Liang et al. 2007), is very difficult to interpnéthin the framework of the external shock
models (Fan & Piran 2006; Panaitescu et al. 2006). Supptéssgard shock emission is required
for long lasting reverse shock models (Genet et al. 2007; &hBeloborodov 2007). The spectral
evolution could not be interpreted by the effect of dusttecatg (Shao & Dai 2005) though the
light curve can be explained. Also, the two-component exteshock jets (de Pasquale et al. 2009)
would require contrived shock parameters. A long-lastiegtial engine therefore possibly explains
the X-ray plateau phase in GRB afterglow emission and iggéleo the chromatic scenario (Liang
et al. 2007). From the observations, the isotropic X-ray@néFi., x) for the plateau phase in the
afterglow of a GRB is found to be correlated with the promphgaa-ray energy and the transition
timet,, (Liang et al. 2007). An anti-correlation has been found leetwthe end time of the plateau
T, and the X-ray luminosityl(x) atT, in the rest frame of the GRB (Dainotti et al. 2010). By adding
a third parameter, the isotropieray energyFs,, Xu & Huang (2012) found a new and significantly
tighter three-parameter correlation for GRBs with a platglase in the afterglow.

On the other hand, plateaus also appear in the light cun@slefll-P. Observationally, SNe II-P
are classified as a “plateau” due to the slow decay of thely éight curves (Barbon et al. 1979),
where the luminosity remains nearly constant for a period @0—100 days (Pskovskii 1978). Their
expansion velocities, plateau luminosities and duratshmsv a wide range (Young & Branch 1989;
Hamuy 2001). In order to reproduce the plateaus of SNe Il¥Bdasupergiant progenitor with an
extensive hydrogen envelope would be necessary (Grassbatgl971; Falk & Arnett 1977). An
analytic model (Arnett 1980; Popov 1993) and hydrodynarnodaits (Litvinova & Nadezhin 1983,
1985) have been introduced to explain the light curves of 8Neand their correlation with the
physical parameters of progenitor stars. Itis conventipaacepted that the plateau phase in SNe II-
P results from the recombination of ionized hydrogen. Harghe way that photons diffuse through
the expanding envelope after the shock reaches the suriddé@mechanism of energy deposition
in the envelope is still unknown, though much effort has bexamle to study the structure and the
hydrodynamic processes in the envelope after the corepsallaf the central star (Arnett 1980;
Popov 1993; Litvinova & Nadezhin 1983, 1985; Burrows et &l0&; Janka et al. 2007; Utrobin &
Chugai 2009).

It is known that some long GRBs are associated with corexpsét SNe. The discovery of 30
associations between long, soft GRBs and Type Ib/c SNedsgethe review by Woosley & Bloom
2006 and Hjorth & Bloom 2012) directly indicates that theiogenitors are massive stars. These
associations have resulted in finding common explosiveqases for SNe and GRBs to form rapidly
spinning black holes (Woosley 1993), neutron stars (Kiaiz& Ruderman 1998) or even quark stars
(Dai & Lu 1998a). A quantitative relation between the peaécimal energy of a GRB and the peak
bolometric luminosity of an SN was also presented to cldhifjt the critical parameter determining
the GRB-SN connection is the peak luminosity of SNe (Li 2006)he standard collapsar model
of GRBs, collimation of the outflow is essential for avoidingryon loading and producing a clean
fireball. However, for some GRBs/X-ray flashes (XRFs), theojgening angle inferred from the
correlation between the jet opening angle of GRBs and thk peargy of their spectra measured
in the GRB frame is so large that the burst outflow should bespél (Li 2006). This is consistent
with radio observations of soft XRF 020903, GRB 060218 andFXiB0109 (Soderberg et al. 2004,
2006, 2008). Two possible scenarios for producing a GRB/XB a spherical configuration have
been presented (Li 2008).

Comparative studies of plateaus in GRB afterglows and thoS&le 1I-P can reveal their prop-
erties, hydrodynamics and the possible physical procegsis. The goal of this work is to show the
implications of a correlation for the plateau phenomenaaasichilar hydrodynamical process or en-
ergy injection behavior during the plateau phase. In thigepave analyze the observed parameters
for 43 Swift XRT GRB afterglows and those for 11 SNe |I-P collected frompwork. A correlation
between the energids.p1 in the prompt phase ankl,jatean (Lplatean X 7, Wherer is the duration
of the plateau phase) in the plateau phase has been founotfosdimples. The relation between the
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luminositieSLexpi (Eexpi/T) and Lpiateau Can also be well fitted with a power law. The power-law
indices of both correlations are found to be similar for t@mgles within the error bar ranges. This
may imply a similarity between the dynamic processes orgnigjection behaviors that produce
the plateaus during these two kinds of explosions of GRB@lfter and SNe 1I-P, though in differ-
ent regimes. The energy budgets for plateau and (prompi)srp are correlated for both samples,
respectively. The data of samples and the calculation ndedh® presented in Section 2. The bolo-
metric luminosity is deduced from the fitting of the light earfor GRB X-ray afterglows and SNe
[I-P. In order to compare the properties of the plateau, ictiSe 3 we present two correlations be-
tween the luminositied .1 and Lpiatean, as Well as the energids.«,1 and Epjacean, for GRB and
SNe II-P samples. The results are summarized in Sectionfseine discussion.

2 DATA AND METHOD

The X-ray afterglow of our GRB sample is downloaded from 8aéft XRT data archive. The red-
shifts of the bursts in this GRB sample are all detected upi®December, and the sample includes
only those XRT light curves with a clear initial steep decagraent, a shallow decay segment and
a normal decay segment detectedift/XRT. We compile a sample of 43 GRBs including the
33 GRBs in the work of Cui et al. (2010) and another 10 burgtr 2008 November as shown in
Table 1. From this table, we can find that the values for rédishour GRB sample are in the range
0.42 (GRB 050803) to 5.11 (GRB 060522) and the mean valualshi# for these 43 bursts is about
2.3. The starting timet() and the midpoint flux f,) of the plateau segment are obtained by fitting
the steep-to-shallow decay segment with a smoothed brodwermaw function (Cui et al. 2010).
The end time of this segment] is taken as the break time between the plateau and normay dec
phase. The duration of the plateau is therg = t> — t;. With redshiftz, the luminosity distance
(D1,) of the burst can be obtained by adopting cosmological pararsty; = 0.3, 24 = 0.7 and

Hy = 71 kms~—* Mpc™'. Thus, the luminosity at the midpoint of the plateau phasthefGRB
X-ray afterglow can then be calculated by

Lplatcau,GRB = 47THX X DI2J X fp' (1)

Assuming the emission in the plateau phase from the souroaiisly from the observed band, the
factorky corrects the flux at the observed energy barid ([F»] in units of keV) of an instrument
(XRT here, i.e., F1=0.3 keV, E>=10 keV]) to that at a ban).01 — 100) /(1 + z) keV, which is
100/(142)
_Jo.or/(1+2) EQ(E)dE @)
= =
Ef E®(E)dE

where®(E) «x E~'x andI'x (as shown in Table 1) is the photon index for the photon spettr
(Dainotti et al. 2010). The error df,1.ccau,crB iS deduced by the errors of the best fitting parameters
for the plateau phase based on the error transfer formula.

As the opening angles for most GRBs in our sample are not kramdrthe explosion of an SN
is thought to be almost isotropic, here we take the gammésadopic energy of a GRB as the total
energy of a GRB in the prompt explosion phase with observesfleS and redshift,

Eexplare = 41k, DES/(1 4+ 2). (3)

The factorx, is applied to convert the observed fluence at the obsenadt@mergy band of an
instrument (fromE; to Fo, in units of keV) to that at a standard bafid— 10%) /(1 + z) keV in the
rest frame of the GRB (Bloom et al. 2001), which reads
10%/(1+2)
1/ (142) EN(E)dE
E
Ef EN(E)dE

(4)

,Y:
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Tablel Properties of the GRB Sample

GRB z To0 T'x TGRB Lplateau,GRB Eexpl,GRB
(s) (ks) (10%8erg s71) (1053 erg)

050416A 0.65 2.4 2.15 0.170.11 0.074+ 0.05 0.01
050803 0.42 110 1.88 1.24 0.09 0.03+ 0.02 0.03
050908 3.35 19.4 3.9 0.520.14 0.274+ 0.87 0.35
051016B 0.94 4 2.82 6.85 2.31 0.02+ 0.01 0.01
051109A 2.346 14.3 2.33 0.580.14 3.59+ 1.50 0.90
060108 2.03 14.4 1.91 2.280.74 0.12+0.10 0.12
060210 3.91 255 1.93 0.580.15 15.70+ 5.08 6.91
060418 1.49 103.1 2.04 0.660.02 3.03+1.28 1.57
060502A 1.51 33 2.43 5.121.51 0.18+ 0.06 0.45
060510B 4.9 275.2 1.42 13.411 3.25 0.07+ 0.19 5.05
060522 5.11 71.1 1.97 0.660.02 6.13+ 31.03 1.50
060526 3.21 298.2 1.8 1.1 0.28 0.53+ 0.56 0.85
060605 3.8 79.1 1.6 0.58 0.15 2.06+ 3.17 0.6
060607A 3.08 100 1.79 1.26 0.02 11.614 3.33 1.61
060707 3.43 66.2 2 0.64 0.16 1.08+ 1.34 1.19
060708 2.3 9.8 2.51 0.58 0.38 0.61+ 0.40 0.20
060714 2.71 15 2.02 0.580.10 1.49+ 1.28 1.47
060729 0.54 116 2.71 6.950.30 0.03+ 0.01 0.07
060814 0.84 146 1.84 1.640.17 0.07+ 0.05 0.94
060906 3.68 43.6 2.44 1.3 0.33 0.60+ 0.45 1.83
061121 1.31 81 1.62 1.96 0.44 1.11+0.18 2.04
070110 2.35 85 211 2.130.04 0.78+ 0.40 0.67
070306 1.497 209.5 2.29 1.630.39 0.28+ 0.21 1.02
070318 0.836 74.6 1.4 0.100.04 0.244+ 0.58 0.16
070721B 3.626 340 1.48 0.640.16 5.51+ 5.93 2.91
071021 5 225 2.12 1.8% 0.43 0.60+ 1.08 1.66
080310 2.4266 365 2.85 1.7430.43 0.41+ 0.53 1.00
080430 0.767 16.2 2.42 0.740.17 0.05+ 0.02 0.06
080607 3.036 79 1.68 0.68 0.02 27.4% 15.53 14.85
080707 1.23 27.1 1.81 0.6 0.15 0.044 0.04 0.07
080905B 2.374 128 1.49 0.500.12 7.054 72.07 0.75
081007 0.5295 10 3 1.26 0.28 0.02+ 0.01 0.02
081008 1.9685 185.5 1.91 1.860.26 0.644+ 0.37 1.32
090529 2.625 >100 2.5 2.59 0.65 0.05+0.14 0.34
090618 0.54 113.2 2.11 0.660.16 0.48+ 0.07 2.79
090927 1.37 2.2 1.64 1.5 0.33 0.03+ 0.07 0.03
091029 2.752 39.2 2 1.180.29 0.56+ 0.36 1.27
100302A 4.813 17.9 2.28 5.1 1.23 0.23+ 0.26 0.38
100418A 0.624 7 4.29 8.86 2.08 0.002+ 0.001 0.01
100621A 0.542 63.6 2.15 1.380.32 0.08+ 0.04 0.56
100704A 3.6 197.5 2.6 1.18 0.27 3.36+ 1.27 4.80
100814A 1.44 1745 1.9 14.46 3.38 0.26+ 0.08 1.60
100906A 1.727 114.4 2.15 0.690.17 1.33+£0.72 2.94

whereFE is photon energy and/ (E) is the band function defined by Band et al. (1993). Since it is
difficult to derive the spectral index for individual GRB®im only BAT observations in a narrow
energy band, mean spectral indices~ —1, § ~ —2.2 and peak energy valuds, ~ 250 keV
obtained are substituted into tA& F') formula (Preece et al. 2000).

For type Il SNe, three physical parameters, explosion gngtg,; s~, envelope mass and initial
radius, are mainly determined by the outburst propertiesptateau durationin the light curve, the
absolutel” magnitudely at the midpoint of the plateau phase, and the material \glagj, at the
photosphere. With these three observed parameters, bu@i® Nadezhin (1983; 1985, LN85 here-
after) presented three approximation formulae to caleuta three physical parameters mentioned
above based on the hydrodynamical models. We collect thereds SNe [I-P data with explosion
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Table2 Properties of the SN II-P Sample

SN e TSN Lplateau,SN Eexpl,sN Reference
(kms 1) (d) (104 ergs~1) (101 erg)
1991al 4484 90 20.6 2.61 [L,7]
1992af 5438 90 12.5 2.46 [1,7]
1992ba 1165 100 7.5 0.57 [1,7]
1999br 1292 100 1.5 0.2 [1,7]
1999c¢r 6376 100 9.7 0.9 [1,7]
1999em 669 120 8 0.84 [1, 8]
1999gi 592 115 6.7 0.64 2, 8]
2003gd 657 113 7.8 1.04 3, 8]
2004dj 132 105 7.4 0.65 [4, 8]
2004et 48 110 10.1 0.88 5, 8]
2005cs 463 118 3.1 0.17 [6, 8]

References: [1] Hamuy (2001); [2] Nakano & Kushida (19998} Carnegie Type I
Supernovae Survey (CATS); [4] Vinko et al. (2006); [5] Zwitet al. (2004); [6] Kloehr
et al. (2005); [7] Nadyozhin (2003); [8] Maguire et al. (2010

energy Eexp1.sn and the bolometric luminosity at the midpoint of the platgduaserL ,jatean, SN-
This bolometric luminosity for our SNe 1I-P sample comesirthe work of Bersten & Hamuy
(2009, BHO9 hereafter). They derived calibrations for nmdtric corrections and effective temper-
ature fromBV I photometry and obtained the bolometric light curve for ajganof 33 SNe II-P.
Within this sample, only 11 SNe with the observed paramétave explosion energif.,1 s that
was calculated in the prior work (Nadyozhin 2003; Maguir@ket2010). Our SN II-P sample is
composed of these 11 SNe and their properties are presaniadle 2.

In BHO9's sample, the zero point of time was taken as the nirdjp@tween the plateau and the
radioactive tail. We also take this zero point as the end@pthteau phase in this work. A smoothed
broken power law is then used to fit the light curve for the adth ¢ < 0

wan wagq —1/w
p p

whereL, is the normalization parameter for the fitting. Parametelescribes the sharpness of the
break and,, is the time representing the beginning point of the plateawanda, denote the slopes
of components before plateau and during plateau, respéctivhe duration of the plateawy and
the bolometric luminosity at the midpoint of the plateBglatean,sn Can be obtained by the best
fitting parameters withsn = |¢,| andLpjatean,sn = L(tp/2) = Lo(279 + gwaz)=l/w,

3 RESULTS

The properties of the GRB sample from the observations aad#itameters deduced from the
formulae, as described by Equations (1) to (4), are predént&able 1: the redshift, the duration
of the prompt phas@y, photon index in the afterglow phabg, the duration of the plateat;rs,
the bolometric luminosity at the midpoint of the plateBp.tcan,crB, @nd the value of energy in
the prompt phas&.1 gre- Table 2 lists the properties of 11 SNe II-P included in thiglg. The
selection standards for our SNe II-P sample are these SRewlith (1) the measurement of the
plateau duration (as shown in Column 3 of Table 2); (2) theatric corrections for the light
curves (e.g. BH09), and then the bolometric luminogify.icau,sn at the midpoint of the plateau
phase (as shown in Column 4 of Table 2); (3) the absdluteagnitudeMy, at the plateau; (4) the
material velocityu,y, in the photosphere at the midpoint of the plateau. Based epanameters
described by (1), (3) and (4), the explosion enefy, sx (as shown in Col. (5) of Table 2) can be
obtained by applying the hydrodynamical models that aregrid by LN85.
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Fig.1 Correlation diagram of bolometric luminosities and enesgit the midpoint of plateau phase
and prompt phase for GRB and SNe II-P samples. The red andibksare the best linear fits
for GRB and SNe II-P samples, respectivélgit panel: The relation between energiés.; in the
prompt phase and those in the plateau phasg..., the dashed line is the best fitting for both
samplesRight panel: The relation between the luminositi€$ateaun aNd Lexpi-

Table 3 Fitting Results for GRB and SN II-P Samples

Correlation Sample Slope ré SDb p°
GRB 0.80 (0.09) 0.81 0.47 <1074
SN II-P 1.13 (0.20) 0.89 0.18 2.980 4
SN II-P + GRB 0.73(0.14) 0.91 0.43 <10~*

Ecxpl_Eplatcau

GRB 0.79(0.07)  0.88  0.44 <1074
Lplatcau_chpl

SN II-P 0.69 (0.11) 0.91 0.14 1.2610—4

a: Spearman correlation coefficiemt; Standard deviation;: Chance probability.

The left panel of Figure 1 shows the correlatiof,tcan With Ec,pp1 for GRB X-ray afterglow
and SNe II-P samples. The right panel of this figure presaetesiation of luminositieg piatean @and
Lexpi (i-€. Ecxp1/7). Alinear fit is applied to test the correlations for each plon a logarithmic
scale and fitting results are presented in Table 3. From #hike tand Figure 1, we can find that
Eplatean (1-8.7 X Lplatean) @NdEexpi S Well asLpiatean 8NALeyp1 are correlated for the two samples,
respectively. All the Spearman correlation coefficiendse larger than 0.8 with chance probabilities
p ~ 1074, This implies that the prompt isotropic gamma-ray energpdeed correlated with the
isotropic X-ray energy in the plateau phase (Liang et al72@@d the energy budgets for the plateau
phase and the (prompt) explosion energy are correlatedotbrsamples. The slopes in ti&,,—
Eplatean diagram on the logarithmic scale for two linear fittings &r&d + 0.09 and1.13 £ 0.20.
For the sample (SNe 1I-P+GRBSs), it(s73 & 0.14. Thus we can find that all of the slopes, which
are the power law indices of the linear terms, are very neglr ether. The slopes of the correlation
Lplateau—Lexp1 ON the logarithmic scale are also found to be very close), £+ 0.07 and0.69+0.11
for GRB and SN II-P samples, respectively. Thus it is posdivat the processes of energy injection
to the shock/ejected material in the (prompt) explosioniarible plateau phase are very similar.

The gap €& 2.23) in the vertical direction between the best fitting lines lo¢ two samples
in the Lpiateau—Lexpl diagram might indicate different ways or levels of energingenjected by
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explosions during the X-ray plateau for GRB afterglows dral(prompt) plateau for SNe II-P. That
is to say, the central engine or energy budgets of GRBs andISRduring the plateaus could be
different. The energy deposited into the ejecta or circursttmaterials for GRBs is larger than that
for SNe II-P during the plateau phases. Therefore, the gulstéor the two samples would appear in
different observational energy bands. GRBs exhibit thesis®ons in the X-ray band but SNe II-P
show them in the optical band. The very near power law indafdsest fittings for GRB and SN
[I-P samples considering the error bars may indicate thahifdrodynamic process or the energy
injection behavior, e.g. the shockwave propagation in treimburst materials during the plateau
phase for GRBs and SNe II-P, could be very similar.

4 CONCLUSIONSAND DISCUSSION

By comparing the plateaus in the light curves of GRB X-ragftows and in the explosion phase
of SNe II-P, we find that the (prompt) explosion eneigy,; and the energy in the plateau phase
Eplatean are correlated , and the luminosibyatean aNdLeypi are also correlated. All the Spearman
correlation coefficients for the linear fittings iexp1—FEplatean @NA Lplateau—Lexpl diagrams on a
logarithmic scale are larger than 0.8 with chance prol#slp ~ 10~%. This implies that the
energy injected in the (prompt) explosion and plateau phasecorrelated for GRBs and SNe II-P,
respectively. The similar power indices of the best fittifmsthe two samples may indicate similar
hydrodynamic processes during the energy injection thatirscin the plateau phases. The gap in
the L jatcau—Lexpl diagram between two best fitting lines might imply that thetcal engine or the
way energy is deposited into the ejecta of the two samplelsl dmudifferent.

The optical data of GRB afterglow have been collected by lalef2012). An optical shallow-
decay segment in these GRB afterglows was observed in 39 GRBed on their results, a rough
proportionality between the isotropic energy in the proptmiser, i, and isotropick-band energy
Er.iso in the optical shallow-decay segment is observed in theitkw®he best fitting between
these two quantities g Er iso = 0.40 + 0.47 log E, ;5. With chance probability ~ 6 x 1073,
The isotropic energy~, is, is the same as the energ¥., in the prompt phase as presented in
Equation (3) in this work. Compared with the fitting slopeswh in Table 3, we can find that the
correlation betweelt'r s, andE,, i, is different from that ofE1atcaun @Nd Eexp1 in this work.

The very origin of plateaus is quite difficult to identify thgh it is very likely to be related to
the external shock (e.g. Zhang 2007). However, the spentiak generally does not change across
the temporal break (Liang et al. 2007) from the plateau phaslee following decay phase. Thus
the models invoking a radiation mechanism can be ruled auh#origin of the plateau phase. A
hydrodynamical or geometrical origin is proposed by Zh&@p{). The dynamics associated with
continuous injection were discussed by invoking a spintdpwisar (Dai & Lu 1998a,b; Zhang &
Mészaros 2001) with a smoothly varying luminosityx ¢t~ (Zhang & Mészaros 2001) and a value
q ~ 2 is suggested by the observational data (Fan & Xu 2006; Reatiret al. 2010). Alternatively,
the GRB plateau may be due to the solidification of quark gbus& Liang 2009; Dai et al. 2011),
which favor clean fireballs without baryon contaminatioa¢®ynski & Haensel 2005; Chen et al.
2007).

The hydrodynamical process of envelope ejection is alsoofitee characteristic features of
SNe II-P. Litvinova & Nadezhin (1983, 1985) presented aeseof hydrodynamical models of SNe
[I-P and found that the light curves were determined by the and mass of the progenitor’s unstable
envelope. The usual hypothesis about the SNe explosionededpupled into the collapse of the
core and the ejection of the envelope (e.g. Grassberg 4L, Woosley 1988). These two parts are
independent and the observations are only determined hyrtipagation process of the shock wave
produced from the core collapse through the envelope (Fafigett 1977; Bersten et al. 2011).
If the process of shock wave propagation in the envelopesiséime as that of the external shock
involving a GRB afterglow plateau, the hydrodynamics of &mergy injection about the plateau



678 X.H.Cui &R. X. Xu

phenomena may be similar for GRB afterglows and SNe II-P sesnfphe timescale of the similar,

underlying hydrodynamical processes and energy that issieyl from the central object could be
different because they are possibly determined by the timleaaount of energy injected from the
central engine, and thus it is possible that the plateauSRB afterglows and for SNe II-P emit in

different energy bands.
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