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Abstract. Postburst evolution of adiabatic fireballs that pro-
ducey-ray bursts is studied. Emphasis has been put on the tran-
sition from the highly relativistic phase to the non-relativistic
phase, which, according to our calculation, should happen much
earlier than previously expected. The theoretical light curvés
decline a little sharper at the non-relativistic stage than at eagny
times, but still can fit the observations well. However, disagree-

ments are obvious when> 100 d, implying a large initial en- 05

ergy Ey, a low interstellar density:, or the possible existence

of a persistent energy source at the center of the fireball. °FEL T
0 2 4 6 8
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Fig. 1. Evolution of the fireball’s Lorentz factor

1. Introduction & Lu 1998a,b). It has been derived that for adiabatic expansia

R o t1/4 ~ oc t=3/8, whereR is the shock radius measured i

Since their discovery about thirty years ago (Klebesadel et gl prsters static frame, is the Lorentz factor of the shocked
1973),~-ray bursts (GRBs) have made one of the biggest Mg\ measured by the observer afid the observed time. These
teries in astrophysics (Fishman & Meegan 1995). The Italialyjing jaws are valid only at the ultra-relativistic stage.
_DUtCh BeppoSAX satellite opened up a new era in the field The purpose of thisetteris to study numerically the full
in early 1997. By the end of May 1998, afterglows have beeR, tion of adiabatic fireballs from the ultra-relativistic phas
observed in X-rays from about a dozen events, in OpticRhe non-relativistic phase. Itis found that radiation during t
wavelengths in several cases (GRB 970228, 970508, 9712141ﬂdly relativistic phaseq < ~ < 5) and the non-relativistic

980326, 980329, 980519, and possibly GRB 980425), and eyf{}se ¢ < 2), which was obviously neglected in previous stud
in radio from GRB 970508, 980329, and GRB 980519. Very res¢ ig of great importance.

cently, GRB 971214 was reported to have released an enormous
energy of3 x 10°3 erg iny-rays alone (Kulkarni et al. 1998; ) )
Wijers 1998); and GRB 980425 seems to be associated wAthPTevious studies

a supernova (Galama et al. 1998b), these facts have aroyggése of adiabatic expansion, the shocked ISM's Lorentz fac

researcher’'s more fever and may provide crucial clues to Qglves based on (Sari 1997; Waxman 1997a,b; Tavani 199
understanding of GRBs.

The fireball model has become the most popular and suac~ (200 — 400)E511/8n81/8ts_3/8 ) 1)

cessful model of GRBs (Ks#Aros et al. 1994; Fenimore et 51 , L
al. 1996, and references therein). After producing the mainereFo = Fsi x 10° erg is the original fireball energy, of
. ' X P 9 Which about a half is believed to have been releasegi@ys

GRB, the fireball will continue to expand as a thin shell intqg " . = L
the interstellar medium (ISM), generating an ultra—relativis'[%urlng the GRB phase; = no 1 cmr is the number den

ity of the unshocked ISM, andg is ¢ in units of secondR()
shock. Afterglows at longer wavelengths are produced by t . 9 13 5 .
, ? ..can be derived from*R? ~ E,/(4mnmpc*), wherem,, is
shocked ISM (Msaros & Rees 1997; Waxman 1997a,b; Tas . : ;
) ) : o ) . ~the proton mass andthe velocity of light. Flux density at ob-
vani 1997; Sari 1997; Wijers et al. 1997; Huang et al. 1998; Dai_ " ; 3(1—p)/4
serving frequency then declines a$, « t°"7P)/% where

Send offprint requests 1@. Lu (e-mail: tlu@nju.edu.cn) p is the index characterizing the power-law distribution of th
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Fig. 2. Evolution of the shock’s velocity. Full line is our result and
dash-dotted line is analytic solution for non-relativistic shock wave 15

(Eq.(9)
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Fig. 4a and b.Optical afterglows in R banda GRB 970228p GRB
970508. Full lines are our theoretical results. Observed fluxes are from
Pedersen et al. (1998), Galama et al. (1998a), Garcia et al. (1998)
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log t (s)
Fig. 3. The fireball’s radius vs. time. Full line is our result and dastwheren = 300n300 = Eo/(Moc?), My is the mass of the con-
dotted line is analytic solution (Eq. (8)) taminating baryons. In the subsequent expansion, jump condi-
tions for the shock can be described as (Blandford & McKee
1976):

shocked ISM electronsin./dy. «x ~.P. These expressions 4y 41

are valid only wheny > 1. In general, X-ray and optical af-n' = — e (3)

terglows were observed to follow power-law decays, and such B

a fireball/blastwave model agrees with observations quite well. 5+ + 1 )

However, we notice that afterglows from GRB 970228 arfd =~ 5 (v = nmpe?, 4)

GRB 970508 have followed simple power-law decays for as

long as 190 days and 80 days respectively, while in Eq. (J[)2 (v DHBE(Y -1 +1)?

event = 30 d will lead toy ~ 1. We stress that the overall™ — 42 —=A)(y—1)+2 "’

evolution of the postburst fireball can not be regarded as a sim-

ple one-phase process. One should be careful in applying theégren’ ande’ are the electron number density and energy den-

scaling laws at later times. In fact, itis clear from Eq. (1) that tiéty of the shocked ISM respectively in the frame co-moving

expansion will become mildly relativisti@(< v < 5) when With the shell,I' is the Lorentz factor of the shock, aAdis

t > 10 d, and will cease to be relativistic about 30 days later e adiabatic index of the ISM, for which we have derived an

the latest. approximationy ~ (4y + 1)/(37), consistent with the re-
quirement thaty ~ 4/3 for an extremely relativistic blast-
wave andy ~ 5/3 for the non-relativistic Sedov shock. For

3. Our model v > 1,Egs.(3) — (5) reduce tov’ = 4yn, e’ = 4y*nm,c* and

We now propose a refined model to describe the full evolutign: V2, which are just the starting point of previous stud-

of the postburst fireballs. As usual, we suppose that the m4iR: ngg we expect that our equat|on_s are valid for describing
GRB occurs at relativistic shocks as well as non-relativistic blastwaves.

The kinetic energy of the shocked ISM in the fireball is
_1/3 — By = op°T?(4/3)mR3*nm,c? (Blandford & McKee 1976),
1/3 _ 1016 p1/3,_-1/3 -2/3 k p
)7 =107 E51"ng " goq em, @) whereg = (1 - 1/I%)/2, ando is a coefficients — 0.35

(5)

3E,
Ry=(—0
0 drnmy,c?n?
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Ve = 3R/(101), (9)

LETTER

wherep = nm,. The dash-dotted line in Fig. 2 is plotted ac
cording to Eq. (9). Ourresultis in good agreement with it. Fig.
shows our evolution of radius, also plotted are results fro
Eq. (8). We see from Figs. 3 and 4 that our refined model
applicable for both relativistic and non-relativistic expansion.
To compare with observations, we need to calculate s
chrotron radiation from the shocked ISM. As usual, electro

e b in the shocked ISM are assumed to follow a power-law dist
0 1 2 3 4 5 6 7 bution, with an index op; the magnetic field energy density in

log t (s) the co-moving frame is supposed to be a fracfgrof the en-

ergy densityB3’? /8 = ¢Z¢’; and the electrons are supposed t

Fig.5. X-ray afterglows (0.1-10keV, in unit of ergcmis™!). Full carry a fractiort,, of the energyye minmec? = &ymyc?. The
line is our theoretical result. For the observed fluxes, please see DE}U’?ﬁinosity distance to the GRB source is designateBaswe
al. (1998) have plotted in Figs. 4 and 5 the calculated R band flux densit
(Sg) and0.1 — 10 keV fluxes ('x) respectively, and compared

them with observed afterglows.

whens — 1 ando — 0.73 when — 0. We will use an In Fig. 4a, we take = 2.5,£2 = 0.01,& = 1,andDy, = 3
approximate equation far: o = 0.73 — 0.383. As usual, the Gpc. Other parameters such &g, n, M, are the same as in
expansion is assumed to be adiabatic, during which energy-jg. 1. Generally the theoretical light curve fits GRB 97022
conserved, so we have, well. However, a problem appears at later times>( 107 s)
4 ona 9 E, when the blastwave becomes non-relativistic. Our model p
3MOB T Rinmye” = By = == ) dicts a sharper decline, consistent with the conclusion that
been drawn by Wijers et al. (1997), but the observed flux deca
obviously slower. An overall power-law decline lasting for morg¢
than10” s would require a much largéf, or a much smallen

dR  VI?-1 0 7 to ensure that the blastwave is uniformly ultra-relativistic. Ho
dt r v — /2 — 16’ 7 ever, due to the limited observational data points, it is arbitra

. . to make any further conclusions.
Egs. (2)—(7) presenta perfect description of the shock. Given For the optical afterglow from GRB 970508, a set of phys

initial values ofEy andMo, R(t) andv(t) can be evaluated nU-jca) parameters have recently been carefully derivedZas=
merically. But under the assumption that> 1, we can derive g - {52 erg,n = 0.035 cm=3, &, = 0.13, £ = 0.068
a simple analytic solutionR* ~ Rj + 8kt, vy ~ (cR*/k)~'/?, — 29, Dy ~ 4 Gpc (Wijers & Galama 1998; Galama
A . . p ’ L p ) ’
wherek = Ey/(dmnmyc). Additionally if B > Ry, thatis o 5 1998¢,d). In Fig. 4b, we have taken these values, w
t > 7, wherer refersto the duration of the main GRB, thér= My = 7.4 x 1075 Mg, SinceE, is large and is small, the
16 1/441/4 ~ 1/84—3/8 . . . ’ . L .
1.06 > 10" (Es1/n0) i cm,y = 273(Es1/no) / ¢ /8. period during which the ultra-relativistic approximation is valig
These expressions are consistent with previous studies. ;¢ substantially extended. In faet,keeps to be larger than 1.5
even whent > 1.2 x 107 s, and the theoretical light curve are
4. Numerical results well presented by a single straight line, which fits observatio
We have evaluated the propagation of the blastwave numgﬁ—t'Sfa.Ctomy' We note that i = 2.3 were assumed, the ob-
callv. takinaEn — 105! erg.n — 1 em=2. andMa — 2 x 10-6 Servational data could be reproduced even better. The afterg|
M y,Fi 1?5 '?h; evolutic?r,l O’fy_ which f’ollows E[)h; ower-law from GRB 970508 seemed to decay more slowly after about
ex®.resgi.on of Eq. (1) quite we;ll whails < ¢ < 10%5; How- days, implying the presence of a constant component (Peder
press 9L a . ' et al. 1998; Galama et al. 1998a; Garcia et al. 1998), maybe
ever, it is clear thaty ceases to be much larger than 1 Whelr]]ost galaxy. The observed optical flux peaked about two da

> 106 ) i . ) ) . .
£ > 10", so that Eq. (1) is no longer applicable. At least, later, possibly associated with an X-ray outburst (Piro et g

is problematic to assume that the shock wave was still ultra: . . . ]
relativistic, therefore one should be cautious in applying thosfg%)' This feature could not be explained by a simple bla

scaling laws such a8 o £1/4 ~ o +-3/5. ands., o 3(1-p)/4  Wave model. Our theoretical light curve peaks several ho
This fagct has been complet('-:-IZ/ ignored, in prel\//ious studieé. later at optical wavelengths and several tens of seconds late

Fig. 2 illustrates the evolution of the shock wave’s velocity

). Vs diff kedly f ~ 108 h luti . . L
(VZ). V% differs markedly from: after~ 10° s, and the evolution with observations in Fig. 5, where parameters are evaluated

enters the non-relativistic phase, for which a simple analyts',%me as in Fio. 42 X-rav counterparts usually fade away in |
solution is available (Lang 1980): g.4a. Yy p y y

than two weeks when the expansion is still relativistic, so of
R = 1.15(Ext?/p)/®, (8) served light curves are well represented by power-law relatio

-10 -

[ AGRB 970228
[ oGRB 970402
L e GRB 970508
[ %#GRB 970616
—14 [ 4GRB 970828
[ *GRB 971214

log Fx

-12

In order to study the evolution ef, we should add the following
differential equation (Huang et al. 1998),
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5. Discussion Dai Z.G., Lu T., 1998a, MNRAS, in press, also see preprint: astro-

. . . ph/9806305
The simple fireball model predicts a power-law decay for GRE,i 7. LuT. 1998b. AGA. 333. L87

afterglows, in rough agreement with observations. However, thgnimore E.E., Madras C.D., Nayakskin S., 1996, ApJ 473, 998
fact that the blastwave might enter the non-relativistic phasghman G.J., Meegan C.A., 1995, ARA&A 33, 415

when the afterglows are still detectable has been widely ignorelama T.J., Groot P.J., van Paradijs J., et al., 1998a, ApJ, 497, L13
Here we stress that the blastwave generated by a typical firelslama T.J., Vreeswijk P.M., Pian E., Frontera F., Doublier V., Gon-
will cease to be ultra-relativistic in- 106 s. One should be  zalez J.-F., 1998b, IAU Circ. 6895

Cautious in app|y|ng those Simp'e Sca"ng IaWS Such}/as Galama TJ, Wijers R., Bremer M., et aI., 1998C, ApJ, 500, L101
13/8 R o $1/4 ands,, o $3(1—p)/4 (for adiabatic expansion) Galama T.J., Wijers R., Bremer M., et al., 1998d, ApJ, 500, L97

at such late times as> 10° s. Garcia M.R., Callanan P.J., Moraru D., et al., 1998, ApJ, 500, L105

We have derived refined equations to describe the full evofdl—’ang YF, QaL.Z.CBt., \_N?]'Igé'(\)/'éélég T., 1998, MNRAS, in press, also
tion pf ppstburst fireballs. qu .mt_)del is consistent with preyiqligaesg:aﬂﬁﬂllr\}v'_,agt:gnz 1.B., Olson R.A., 1973, ApJ 182, L85
studiesin both the_ ultra-relativistic phase an_d the non-relativisiGarmi s.R.. Djorgovski S.G., Ramaprakash A.N., et al., 1998, Nat
phase. The predicted afterglows decay slightly sharper at the 393 35
non-relativistic stage. The observed overall power-law decgiing K.R., 1980, In: Astrophysical Formulae. Springer, Berlin, p. 302
lasting for several months is usually considered as a strong privésaros P., Rees M.J., 1997, ApJ 476, 232
to the popular fireball model. Here we point out that it has in fabtésaros P., Rees M.J., Papathanassiou H., 1994, ApJ 432, 181
raised a problem, since it requires a lafggand/or alown. For Pedersen H., Jaunsen A.O., Grav T., etal., 1998, ApJ 496, 311
example, recent detection of an enormous burst GRB 9717w L., Amati L., Antonelli L.A., 1998, A&A 331, L41
with Ey ~ 3 x 10°3 erg might ameliorate the ultra-relativisticSar R., 1997, ApJ 489, L37
assumption to some extent (Kulkarni et al. 1998; Wijers 199gfVani M., 1997, ApJ 483, L87
The solution could also be that there is a persistent energy sou}){i;,a man E., 1997a, ApJ 485, LS

. E., 1997b, ApJ 489, L33
at the center of the GRB source (Dai & Lu 1998b). Wﬁ;(zal_.:,‘ 1’998 Na’t 383 13’

ijers R., Galama T.J., 1998, ApJ, submitted, also see preprint: astro-
ph/9805341
Wjers R., Rees M.J., Bsaros P., 1997, MNRAS 288, L51
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