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Abstract. Based on the refined dynamical model proposed It edge effect (Panaitescu & &dzaros 1999; Kulkarni et al.
us earlier for beameg-ray burst ejecta, we carry out detailed 999; Mesaros & Rees 1999) and the lateral expansion effe
numerical procedure to study thoseray bursts with rapidly (Rhoads 1997, 1999). The breaking point is determined by
fading afterglows (i.e.~~ t~2). It is found that optical after- 1/6, where~ is the Lorentz factor of the jet antlis the half
glows from GRB 970228, 980326, 980519, 990123, 9905bpening angle. Recently we have developed a refined dynami
and 991208 can be satisfactorily fitted if theay burst ejecta model that can correctly describe the overall evolution of
are highly collimated, with a universal initial half opening anultra-relativistic jet to non-relativisitic phase with the expandin
gle f, ~ 0.1. The obvious light curve break observed in GRBelocity as small ag0~3¢ (Huang et al. 2000a). Surprisingly
990123 is due to the relativistic-Newtonian transition of thenough, our detailed numerical results (Huang, Dai & Lu 2000
beamed ejecta, and the rapidly fading optical afterglows comsieow that the break theoretically predicted in light curve do
from synchrotron emissions during the mildly relativistic andot appear durinthe relativistic phasg.e., the time determined
non-relativistic phases. We strongly suggest that the rapid fd-~y ~ 1/6 is not a breaking point. However, an obvious breal
ing of afterglows currently observed in someray bursts is does appear within the relativistic-Newtonian transition regio
evidence for beaming in these cases. the degree of which is found to be parameter dependent (Hua
Dai & Lu 2000b). Generally speaking, the Newtonian pha:
Key words: Gamma rays: bursts ISM: jets and outflows- of jet evolution is characterized by a rapid decay of optic
stars: neutron- relativity afterglows, with the power-law timing index~ 1.8 — 2.1.
In practical observations, the power-law decay indices
afterglows from GRB 980326, 980519 and 991208 are ano
lously large,a ~ 2.0 (Groot et al. 1998; Owens et al. 1998;
Castro-Tirado et al. 1999b), and optical light curves of GR
The cosmological origin of-ray bursts (GRBs) has been welP90123 and 990510 even show obvious steepening at obs
established due to recent discovery of multi-wavelength afté?g time¢ > 1 — 2 d (Kulkarni et al. 1999; Harrison et al.
glows (Costa et al. 1997; Metzger et al. 1997; Galama et 4R99; Castro-Tirado et al. 1999a). Recently GRB 970228 w
1997; Wijers, Rees & MsaAros 1997; Piran 1999). However@lso reported to have a large indexcof- 1.73 (Galama et al.
we are still far from resolving the puzzle of GRBs, becaus®99b). These phenomena have been widely regarded as
their “inner engines” are well hidden from direct afterglow obdence for beaming (Sari, Piran & Halpern 1999; Castro-Tira
servations. Some GRBs localized by BeppoSAX satellite ha®kal. 1999a). The purpose of thistteris to study these cases
implied isotropic energy release of more thai* ergs (Kulka- numerically, based on our refined beaming model (Huang et
rnietal. 1998, 1999; Andersen et al. 1999; Harrison et al. 1998000a). Itis found that optical afterglows from these GRBs ¢
which forces many theorists to deduce that GRB radiation mipst easily reproduced, thus a jet model is strongly favored.
be highly collimated. Obviously, whether GRBs are beamed or
not has become one of the most important problems that neegyodel

to be solved urgently. ) . .
In the literature, it is generally believed that afterglows fronjn€ importance of non-relativistic expansion phase to our u

jetted GRB remnant are characterized by an obvious breakdffstanding of GRB afterglows has been stressed very e
the light curve during theelativistic phase due to both the PY Huang etal. (1998a, b). A refined generic model that is &
propriate for both ultra-relativistic and non-relativistic isotropi

Send offprint requests 1d@. Lu (tlu@nju.edu.cn) blastwaves has been proposed (Huang, Dai & Lu1999a, b). Vi
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recently, a similarly refined dynamical model for beamed GRB | - 2
ejecta was also developed (Huang et al. 2000a). Our calcula- 61 » I
tion here will be based on this model. For completeness, we [
describe the model briefly here. For details please see Huanget 4r .
al. (2000a). 3 L
Let R be the distance from the burster in the burster framg, , |
M.; be the initial ejecta mass be the particle number density of”
the surrounding interstellar medium (ISM), ande the swept- §”
up ISM mass. The evolution of the beamed ejecta is described

by (Huang et al. 2000a), whey¢ = /42 — 1/, m,, is the
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-
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|

proton massg; is the co-moving sound speeds the radiative -2 - GRB 990123 -
efficiency (here we consider only adiabatic jets, for which : é . "1 . é ———
0), 4 = (4v+1)/(3v) is the adiabatic index (Dai, Huang & Lu log 4(s)

1999). ¢

A strong blastwave will be generated due to the interactidig. 1. Observed optical (R band) afterglow from GRB 990123
accelerated ISM electrons gives birth to afterglows (Sari, Pirdp®)- The solid line is our bestfit to it by employing a jet model. Inset
& Narayan 1998; Vietri 1997a, b). As usual we assume that tRig®Ws the evolution of in our model
magnetic energy density in the co-moving frame is a fracffon

of the total thermal energy densitB(®/8r = ¢ie), and that 1999). R band observations made between 0.16 and 2.75 days
electrons carry afractiafa of the proton energy. This meansthagfier the GRB are well described by a power-law with index
the minimum Lorentz factor of the random motion of electrons — 1.9 + 0.05 (Fruchter et al. 1999), and the light curve
inthe co-movmgframe 1Be, min = §e(7f Dymp(p=2)/[me(p— steepens greatly when> 4 d. Fig. 1 illustrates our best model
1)]+1, wherepis the index characterizing the power-law energ o the R band light curve. We have taken the following initial

distribution of electrons, and, is the electron mass. Our model;a|ues and parameters: initial energy per solid afgig), =
also takes the electron cooling (Sari, Piran & Narayan 1998) and « 1054ergs/4m, vo = 300, n = 103 cm 3, & = 0.2,

the equal arrival time surface effect (Panaitescu &shros € =105, 6, = 0.13, p = 2.2 and Dy, = 12 Gpc. In our

1998) into account. _ _ _ calculation, the jet enters the sub-relativistic phase at time
The most important advantage of this model is that it is app5.5 s, leading to an obvious break in the light curve. We see

propriate for both adiabatic and radiative jets, no matter whethgpt observed data points spanning froea 0.16 d tot = 59.5
their expansion is highly relativistic or Newtonian. d can be well fitted.

3. Numerical results 3.2. GRB 990510

Based on the model described above, Huang, Dai & Lu (2000BRB 990510 lies at a redshift> 1.619 +0.002 (Vreeswijk et
have found that: (i) The optical light curve does not break durirad. 1999), corresponding 0, > 12 Gpc. AdoptingD;, = 12
the relativistic phase, i.e., the time determinechby. 1/0 is  Gpc implies an isotropic energy &f, ~ 2.9 x 10° ergs (Har-
not a breaking point. (ii) An obvious break does appear withitson et al. 1999). Fig. 2 illustrates R band afterglows reported
the relativistic-Newtonian transition region, but its existenda the literature, where the solid line is our model fit, taking:
depends on parameters suctfaga, n, 6. Increase of any of (E/Q)y = 2.9 x 10%%ergs/4m, 79 = 300, n = 1 cm™3,
them to a large enough value will make the break disappear. (§ii) = 0.2, £ = 0.01, 6 = 0.075, p = 2.6 and Dy, = 12
Generally speaking, the Newtonian phase of the jet evolutionGgc. In our calculation, the ejecta enters the sub-relativistic
characterized by a rapid decay of optical afterglows~ 1.8 phase at ~ 10° s. But due to relatively large values &f and
—2.1). &2, the theoretical light curve peaks very late (Huang, Dai & Lu
In this section we use the model to study those GRBs wha&800b), ..k ~ 10* s, so that observed data points befopeé
optical afterglows decayed rapidly. They include GRB 970228,can be well fitted. For the same reason (also see Huang, Dai
980326, 980519, 990123, 990510 and 991208. We emplok &u 2000b), theoretical flux decays rapidly during the mildly
standard Friedmann cosmology with, = 65 km s™! Mpc™!, relativistic phase (i.e., fromi0® s to 10° s), which just meets
Qo = 0.2, A = 0 throughout. the observational requirements.

3.1. GRB 990123 3.3. GRB 980519

GRB 990123 was determined to be at a redshi#t 1.6004 £ GRB 980519 had a rapid fading in optical as well as in X-
0.0008 (Kulkarni et al. 1999), corresponding to a luminosityay band. Its optical afterglow is consistent with?05+0-04
distanceDr, ~ 12 Gpc. An enormous isotropig-ray energy (Halpern et al. 1999). No redshift was determined. Here we
release oft, ~ 3.4 x 10°* ergs was estimated (Kulkarni et alassume a typical value of~ 1.4 for it, corresponding td®;, ~
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Fig. 2. Observed R band light curve of GRB 990510 and our model fiig. 3. Observed R band light curve of GRB 980519 and our mod
to it. Data points were taken from GCN 310, 313, 315, 321, 323, 348,to it. Data points were taken from GCN 82, 83, 87, 88, 91, 148, 1
329 and 332 (also see Stanek et al. 1999; Harrison et al. 1999). In(séto see Halpern et al. 1999). Inset shows the evolution iof our
shows the evolution of in our model model

4_'-"|""|""|"_
s GRB 991208

10 Gpc. Then the BATSE measuredray fluence of(2.54 + 3k
0.41) x 10~° ergs cn1? implies an isotropic energy df., ~ [
10°3 ergs. Taking(E/Q)o = 1 x 10%%ergs/4m, v = 300,
n = 100cm3, & = 0.1, 63 = 0.01,60) = 0.1,p = 26 3
and Dy, = 10 Gpc, we give our model fit to the R band light g _
curve in Fig. 3. In our calculation, due to the relatively larggy 1
ISM density, the jet becomes sub-relativistictat: 10° s, so = r
the theoretical afterglow decays rapidly after 10* s. It is ok
clear that the rapid fading of GRB 980519 can be reasonably

explained in our model.
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. Fig. 4. Observed R band light curve of GRB 991208 and our model
GRB 991208 was localized by the Interplanetary Network. B& h. bata points were taken from GCN 452, 454, 456, 458, 461 a
ginning on 1999 Dec. 10.27 UT, the observed optical afterglqiy circ. 7332. Inset shows the evolution 9fin our model
is consistent with a rapid decay©f?°. A redshift ofz ~ 0.71
was measured (Dodonov et al. 1999), correspondidg tes 4
Gpc. The impliedy-ray energy isk, ~ 10°3 ergs. We give employed. This can be clearly seen from our calculations
our model fit to the R band afterglows in Fig. 4, where we havgects. 3.1 — 3.4.
taken:(E/Q)o = 1 x 10%3ergs/4m, v = 300, n = 10 cm™3, GRB 980326 provides the most strong evidence f
& = 02,8 = 001,60, = 0.1, p = 28 and Dy, = 4 Gpc. GRB/Supernova connection. Its optical afterglow has two di
Due to the relatively large values of £, and¢3, the theoretical tinct contributions: a power-law decaying componenty 2.1,
light curve peaks at 10 s, and it turns into a single line whenGroot et al. 1998) and emission from the underlying superno
t > 10° s. We see that the observed data points can be w@loom et al. 1999). Similarly we suggest that the rapidly d
fitted. caying afterglow component (beginningtat 3.6 x 10* s) is
produced by beamed GRB ejecta.

3.4. GRB 991208

3.5. GRB 970228 and 980326
4. Discussion and conclusions

GRB 970228 is the first GRB that an optical counterpart was

observed. Recently, evidence for a supernova was foundDatermining the existence of beaming in GRBs will be helpf
the reanalyzed optical and near-infrared images. Galama et@bur understanding of the GRB “central engines”. Based on
(1999b) argued that the afterglow observations are well exefined dynamical model for beamed GRB remnants (Huang
plained by an initial power-law decay with = 1.73J_r8;(1)§, al. 2000a), we have examined those GRBs with rapidly dec
modified at later times by a type-lc supernova light curve. Heirgg optical afterglows closely. Detailed numerical results sho
we suggest that the initial rapid decaytof'™ (beginning at that afterglows from GRB 970228, 980326, 980519, 99012

t ~ 5.5 x 10* s) can be easily explained if a jet model wa890510 and 991208 can be satisfactorily fitted: the obvio
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break in the optical light curve of GRB 990123 is due to thReferences
reIgﬂwsﬂg-NeMoman transition of the beame_:d ejecta, and tE%dersen M.I. etal. 1999, Sci, 283, 2075
rap|d fading of afterglowszfrom other GRBs is due to the re Sloom J.S.. et al., 1099, Nat, 401, 453
atively large values of., g andn. We thus strongly suggest-astro-Tirado A. etal., 1999a, Sci, 283, 2069
that these GRBs be highly collimated. Note that in all cas&Sastro-Tirado A., et al., 1999b, GCN 452
synchrotron radiation during the mildly relativistic and nonchevalier R.A., Li Z.Y., 1999, ApJ, 520, L29
relativistic phases plays animportant role in explaining the rapibsta E., et al., 1997, Nat, 387, 783
decaying of optical afterglows. Dai Z.G., Huang Y.F., Lu T., 1999, ApJ, 520, 634

Inour calculations, thg, values distribute in anarrow rangePai Z.G., Lu T., 1998, MNRAS, 298, 87
i.e., between 0.1 and 0.2. This has given some support to Freé@-Z-G., Lu T., 1999, ApJ, 519, L155
man & Waxman's (1999) suggestion tifahas a universal value Da:jﬁﬁ-\; 'é”NT-'eztOsO' S‘;Jg '“GFgeNSZ;gS”O'ph/ 9906109)
of ~ 1/3. However our results do not suppqrt thelr prqposal thgfeedman D.L., Waxman E.. 1999, astro-ph/9912214
p has a universal value of 2.2. Ofjyy values distributed in a nar-

. o Fruchter A.S., etal., 1999, ApJ, 519, L13,

row rangeﬂ_o ~ 0.1. This may prpwde important clues to OUlalama T.J., et al., 1997, Nat, 387, 479
understanding of.the central engine. We note that qusley et@hiama T.J., etal., 1999a, Nat, 398, 394
(1999) have obtained such a small valuéeéfter numerically Gajama T.J., et al., 1999b, ApJ submitted (astro-ph/9907264)
studying the collapsar models of GRBs. The range ofowal-  Groot P.J., et al., 1998, ApJ, 502, L123
ues (@ ~ 1— 1000 cnt3) indicates that some GRBs may be iHarrison F.A., et al., 1999, ApJ, 523, L121
gaseous environments, also giving some hints on GRB centfalpern J.P., etal., 1999, ApJ, 517, L105
engines. Huang Y.F., Dai Z.G., Lu T., 1998a, A&A, 336, L69

The jet model greatly relaxes the energy crisis for GRBuang Y.F., etal., 1998b, MNRAS, 298, 459
990123 and 990510. However, we should keep in mind tHayang Y.F, Dai Z.G., Lu T, 1999a, Chin. Phys. Lett., 16, 775 (astro-
other GRBs such as GRB 970508, 971214, 980329 and 980703P/9906404)

do not have rapidly fading afterglows. They should not be high@ua;r?/g\gggg%%' ZG., Lu T, 1999b, MNRAS, 309, 513 (astro-

collimated (Huang, Dai & Lu 2000D). Then the energy Crisi§ ,anq v.F. et al., 2000a, ApJ submitted (astro-ph/9910493)
is really a problem: GRB 971214 and 980703 have mdmat%ang Y.F. Dai Z.G., Lu T., 2000b, MNRAS submitted
isotropicy-ray energies ofv 0.17 Mgc? and~ 0.06 Moc®  Kylkarni S.R., et al., 1998, Nat, 393, 35
respectively! Kulkarni S.R., et al., 1999, Nat, 398, 389
The rapid fading of afterglows from GRB 970228, 980328JésaAros P., Rees M.J., 1999, MNRAS, 306, L39
980519 has also been explained as being due to the interacketzger M.R., et al., 1997, Nat, 387, 878
of an isotropic blastwave with a wind environment (Dai & LiPwens A, etal., 1998, A&A, 339, L37
1998; Chevalier & Li 1999). However the wind environmentiran T., 1999, Phys. Rep., 314, 575
model could not explain the light curve break observed for GRERnaitescu A., Msaros P., 1998, ApJ, 493, L31
990123 and 990510. As has been shown clearly in this pa;%%,”a'tescu A., ldsaros P., 1999, ApJ, 526, 707

. . oads J., 1997, ApJ, 487, L1
the jet model can naturally explain all these bursts, and sho hads J. 1999, ApJ. 525, 737

be more reasonable. _ Sari R., Piran T., Halpern J.P., 1999, ApJ, 519, L17
Another possibility was proposed recently by Dai & Lusaii R | piran T., Narayan R., 1998, ApJ, 497, L17

(1999, 2000). They suggested that the light curve break is dugt@nek K.z., et al., 1999, ApJ, 522, L39

the relativistic-Newtonian transition of an isotropic blastwavgietri M., 1997a, ApJ, 478, L9

in a dense medium( ~ 10° cm=3), and the rapidly fading Vietri M., 1997b, ApJ, 488, L105

afterglows can be explained as emissions in the non-relativistieeswijk P.M., et al., 1999, GCN 310

phase. Itis obviously an interesting proposition and should aMfjers R., Rees M.J., Bisaros P., 1997, MNRAS, 288, L51
be paid attention to. Woosley S.E., MacFadyen A., Heger A., astro-ph/9909034
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