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Abstract. We have collected all of the published photometry At 9:46:56.12 UT on 1999 January 23 the Burst and Tran-
for GRB 990123 and GRB 990510, the first two gamma-rajent Source Experiment (BATSE) detectors on @ampton
bursts where breaks were seen in the light curves of their optiGdmma Ray Observatoryatellite detected GRB 990123 in
afterglows, and determined the shapes of their light curves ahd constellation Bates. X -ray observations from the Dutch—
the break times. These parameters were used to investigatdtfilen satelliteBeppoSAXocalized the position of the burst to
physical mechanisms responsible for the breaks and the natwithin 5’ (Piro[1999) and the Robotic Optical Transient Search
of the ambient medium that the bursts occurred in. The ligakperiment (Akerlof & McKay 1999; Akerlof et al. 1999) de-
curve for GRB 990123 is best fit by a broken power law with &cted an OA that reached a peak magnitudeé ef 8.86 +0.02
breakl.68 £0.19 days after the burst, a slope®f = —1.12+ just 47 seconds after the BATSE trigger. Further optical obser-
0.08 before the break, and a slopewf = —1.69 + 0.06 after vations constrained the redshift to betwde60 < z < 2.04

the break. This is consistent with a collimated outflow with @Andersen et al. 1999; Kulkarni et al. 1999a), and images taken
fixed opening angle @, = 5°. Inthis case the break in the lightwith theHST Space Telescope Imaging Spectrograph (STIS) re-
curve is due to the relativistic fireball slowingox 1/6,. The vealed a host galaxy witty, = 24.25 (Holland & Hjorth[1999).

light curve for GRB 990510 is best fit by a continuous functiofihe burst had a peak fluence(6f09 4-0.02) x 10~* erg cnt 2

with an early-time slope af; = —0.5440.14, alate-time slope (Kippen[1999a), which places it in the top 0.3% of the BATSE
of as = —1.98 + 0.19, and a slow transition between the twdluence distribution. This corresponds to a total energy release,
regimes approximately one day after the burst. This is consistassuming isotropy and depending on the details of the adopted
with a collimated outflow witl§, ~ 5° thatis initially radiative, cosmology, of betwees 3 x 1054 and~ 4.5 x 10°* erg, which

but undergoes a sideways expansion that begins approximaiggpproximately the rest-mass energy of two neutron stars. This
one day after the burst. This sideways expansion is respons#ueount of energy is difficult to explain using merging compact

for the slow break in the light curve. objects since it would require that the entire rest mass of both
objects be converted to gamma radiation with an efficiency of
Key words: gamma rays: bursts nearly 100%.

GRB 990510 (the Anja burst) was detected by both the
Compton Gamma Ray Observat@ydBeppoSAXn the con-
1. Introduction stellation Octans at 8:49:05.95 UT on 1999 May 10. Optical

) ) ) follow-up observations 3.5 hours after the burst revealed an OA

In the first few months of 1999 bright optical afterglows (OAs)ith B ~ 17.5 (Axelrod et al[1990). Vreeswijk et al._ (1999)
were observed for two gamma-ray bursts (GRBs): GRB 990183ind a lower limit for the redshift of = 1.619. A faint galaxy
and GRB 990510. Extensive follow-up observations were magg = 28.5 4 0.5) has been detectef 066 =+ 07009 from the
at optical wavelengths for both GRBs, so it was possible &RB (Bloom 2000; Fruchter et B[ 2000). The burst had a peak
follow their light curves down td/ ~ 28, with the deepest flyence of(2.56 & 0.09) x 1075 erg cnr2 (Kippen[1999b),
photometry being done with théubble Space Telescoff#ST).  which places it in the top 9% of the BATSE fluence distribution.
These data, when put onto a common photometric system, §#s corresponds to a total isotropic energy release, depending
be used to constrain the shape of each burst’s light curve. T}ethe details of the cosmology, of at leasf? erg, approxi-
resulting shape parameters (the time of the break, and the slapggely one order of magnitude less than the energy released in
before and after the break) can be used to constrain physigag 990123.
models of the OA, and the interaction of the relativistic ejecta The light curve for GRB 990123 became steeper approx-
from the initial blast with the surrounding medium. imately two days after the burst (Castro-Tirado et[al. 1999;
Kulkarni et al.[1999a), while Harrison et al. (1999), Israel
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et al. [1999), and Stanek et al. (1999) found that the light curve We have adopted a cosmology with a Hubble parameter of
of GRB 990510 became significantly steeper approximatelfy = 65 km s~! Mpc—!, and assumed a density parameter of
1.5 days after the burst. These breaks have been interprédgd= 0.2 and no cosmological constarfi2{ = 0) throughout

as evidence that the outflows from the bursts are collimatdéds paper.

with opening angles of approximately—10° (Sari et al 1999;

Castro-Tirado et al. 1999). Such models provide a solution 4o Fitting the light curves

the so-called “energy crisis” of GRBs since, if GRBs are colli-

mated outflows, the total energy requirement drops by factor-B'ile choice of flttlng function is arbitrary, but that choice can
between approximately 100 and 1000. This makes the ener@éﬁect the determination of the slopes and break time, and thus
ics of GRBs consistent with the energetics of supernovae &l influence the interpretation of the light curve. For example,
merging compact objects. Jensen et al_(2000) find different break times and slopes for the

Before GRB 990123 GRB light curves were usually fit bfiecay of the optical light curve of GRB 000301C depending
power laws of the forny, (t) = kt® wherek is a normaliza- On Whether a broken power law or the continuous function of

tion constant and is between approximately1 and—2. The Stanek et al.[(1999) is fit to the data. We have chosen to fit
steepest temporal decay was= —2.5 for the OA associated the light curves for the OAs associated with GRB 990123 and
with GRB 971227 (Djorgovski et &[. 1998). The first evidence®RB 990510 with three fitting functions. The first of these is a
that the decay of the optical light curve from an OA varieBroken power law,

with time came from GRB 990123, vyhe@erapidly steepened L) (/)™ A <ty
from —1.10 + 0.03 to —1.65 = 0.06 with the break occurring fv(1) = { ¢ )1/, if ¢ > ¢,
2.04+0.46 days after the burst (Kulkarni et &I, 1999a). Harrison Y ’ :
etal. [1999), Israel et al. (1999), and Stanek ef al. (1999) founere f, (¢) is the flux inpJy ¢ days after the burst, ang is

that the optical light curve for GRB 9900510 exhibited a simildhe time that the light curve made the transition from a slope
behavior, but with a slow transition between the two regime@f a1 to a slope ofas. The slope goes ag, o« ¢** before
Harrison et al.[(1999) used a four-parameter fitting function t8e break andf, o ¢*2 after the break with an instantaneous
find slopes 0f-0.82 + 0.02 before the break and2.18 & 0.05 transition between the two slopes. This is the simplest form
after the break with the break occurriag20 + 0.08 days af- that can be fit to the data, and it can be reduced to two linear
ter the burst. However, Stanek et al. (1999) found slopes fgfctions (i.e.In (f,(¢)) = a1 (t/ty) + In(f,(¢)) before the
—0.76 £ 0.01 before and-2.40 + 0.02 the break with the break break andn (f, (t)) = aa(t/ty) + In (£, (ts)) after the break),
occurringl.5740.03 days after the burst; and Israel etial. (1999yhich simplifies the fitting process.

found—0.88-+0.03 before and-2.68+0.13 afterwithabreakat ~ The second fitting function is,

1.8 +0.2. The latter two groups used a different four-parameter () ( ; >a1 [1 _ e—J]

fitting function from Harrison et al. (1999), and the fits formallyf,, (t) = T il\g T

1)

(2)
disagree with each other.

In this paper we collect the published photometry for thehere.J = (¢/t,)**~ 2. This is the continuous function used
OAs associated with GRB 990123 and GRB 990510, examibg Harrison et al.[(1999). It is differentiable at= t;, and is
three fitting functions for broken light curves, and use these figenerally more flexible than EqJ(1) is. It is able to model the
to constrain physical models for the burst. We investigate the gfew transition between the;, anda, regimes, which may be
fects of using different fitting functions on determining the timenore physically realistic than the instantaneous transition that
of the break and the slope of the light curve before and afigrassumed by the broken power law.
the break. Our goal is to determine reliable light curve param- The third fitting function is,
eters for each GRB and to use these parameters to distinguish 2, (1) (t/1)
between different physical models for the nature of each OA, () = %, (3)
Sect[ 2 discusses the three fitting functions that we used to deter- L+ (t/ty)™ ™
mine the break time, and the slopes of each light curve. SeciyRich is the same as that used by Stanek etal. (1999) and Israel
presents our fits to the light curve of GRB 990123's OA and afi gl. (1999), except that we have redefinedand o, to be
estimate of the slope of the optical spectrum of the OA. Sectednsistent with our EqJ1) arfd (2). This function has the same
presents our fits to the light curve of GRB 990510’'s OA anghvantages over E@l(1) that Eg. (2) does.
an estimate of the slope of its optical spectrum. We discuss the we wish to stress that none of these functional forms have
effects of the choice of the fitting function on the determinatiogeen derived from any physical principles, and that theyate
of the break time and slopes of the light curves for each burshsed on any model for the GRB or its OA. The three forms
In Sect[5 we discuss various models for the decay of the lighére selected solely because they allow us to parameterize the
curves, and in Se¢ll 6 we derive some physical properties #iserved light curves for GRB 990123 and GRB 990510. We
the bursts based on our fits to the light curves. We have writtgged CERN'sMINuUIT function minimization package, and a
these sections in such a way that they can be used with dgi@square minimization scheme, to simultaneously solve for
from other GRBs. the four free parametera(, as, ty,, andf, (t,)) and to compute

the formal b errors in the fit for each parameter.
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Table 1.The central wavelengths and photometric zero points for eatable 2. The observed magnitudes (from Castro-Tirado €t al. 11999),
band pass (from Fukugita et al. 1995). and the adopted magnitudes and fluxes for the probable host galaxy of

GRB 990123.
Filter — Xo(A) foo(ergem's ' HzY) _ '
B 4448 4,02 x 10-2° Filter Castro-Tirado adopted adopted
% 5505 3.59 x 10~2° mag mag flux £y)
Gunnr 6538 2.96 x 10~20 B 24.23+0.10 24.35+0.11 0.729 +0.074
R 6588 3.02 x 10~20 \%4 24.20+0.15 24.25+0.07 0.716 £ 0.046
I 8060 2.38 x 10720 Gunnr e 24.05 +0.07 0.711 £ 0.046
R 23.77+£0.10 24.07+£0.08 0.709 £ 0.052
I 23.65+£0.16 23.83+0.08 0.701 £ 0.052

3. GRB 990123 data
and thus overestimating the flux from the OA. To avoid this
uncertainty we have fit light curves to each band pass separately
We collected the published optical observations of the OA asnce the systematic error in the flux introduced by the unknown
sociated with GRB 990123 from six sources: Castro-Tiradzxtinction will only affect the zero-point of the flux in each
et al. [1999), Fruchter et al. (1999b), Galama et[al. (1999&gndpass, not the slopes of the light curves.
Holland & Hjorth (1999), Kulkarni et al[(1999a), and Fruchter The fits for each band pass, and each fitting function, are
et al. [1999c). These data consists of 88 observations in thieen in Tablé B. The uncertainties in the parameters are the for-
JohnsonB-, andV -bands, Kron-Cousing-, and/-bands, and mal 1o errors in the fit and do not include contributions from the
Gunnr-band. The observations were taken at 19 telescopes osavariance between the parameters. The slopes are not strongly
a two month period after the burst. In cases where the same otirrelated with each other, but they are moderately correlated
servation was reported in two or more sources, and the quotdgth the location of the break. None of the residuals show any
magnitudes disagreed with each other, we discarded both time dependence.
servations. This was done because we had no reason to favouiThe weighted mean values for each parameter, their stan-
one source over the other. In cases where a Gtlvand magni- dard errors (SE), and th¢? per degree of freedom§ ) val-
tude was derived from aR-band magnitude we discarded theies, are listed in Tablé 4, for each fitting function. ThEr RI
derived Gunn-band data and kept the originBtband data. data was used to compute the mean values of the fits to the
We converted the published magnitudes to fluxes using theken power-law (EqL{1)) and thBVrR data was used to
photometric zero pointg, o from Fukugita et al (1995). Thesecompute the mean values of the fits to the two continuous func-
zero points, and the central wavelengths for each band pd&s)s (Eqgs.[(R) and{3)). Thé-band data were not used when
are listed in Tablé]l. In order to convert the published phoemputing the latter two sets of mean values because the fits to
tometry to a uniform set of fluxes we applied our own cothel-band data were not reliable fok ¢,. The mean values of
rections for the light of the probable host galaxy (Holland &; andas agree to within one regardless of which function is
Hjorth|1999). In cases where the light from the galaxy had dit to the data, but the mean valueigfis significantly smaller
ready been subtracted in the published photometry we addedEq. (2) (Harrison’s function) than it is for the other two fit-
it back using the magnitude for the galaxy that was givaimg functions. However, the broken power law (Eq. (1)) gives
in the source then subtracted a uniform estimate of the liglinsiderably less scatter in the values of each parameter, par-
from the galaxy based on the data of Holland & Hjolth (1999icularly ¢,, for different band passes than the other two fitting
(Vo = 24.25 + 0.07, see Tabl€]2). Castro-Tirado et al. (199%unctions do. Therefore, we conclude that the broken power law
usedUBVRI photometry to determine a spectral energy distrifives a better fit to the GRB 990123 light curves than either of
bution of f, « v = constant, i.e., Bga = 0, for the host the continuous functions do. This suggests that the break in the
galaxy. Therefore, we converted the Holland & Hjoith (1999ight curve may have been very rapid. Thedrror in the break
V-band flux for the galaxy to the other band passes usitime for a broken power law is 0.19 days (see Table 4), which
mag =V + Kpag — Ky —2.5810g((Vmag/vv) @andBsa = 0 suggests that the break may have occurred over a period of only
whereKy andK,,,.. are the photometric zero points of the twa few hours. Fig§.J135 show the data for each band pass with the
band passes. The Castro-Tirado et[al. (1999) photometry, &edt-fitting broken power laws superimposed.
our adopted (dereddened) magnitudes and fluxes for the proba-To test if the break time depends on the wavelength we com-
ble host galaxy, are listed in Table 2. A flat spectrum is consistgntted the probabilities that the break times in each band pass
with the probable host galaxy being a starburst galaxy. are consistent with the mean break time. If the individual break
The Galactic reddening in the direction of GRB 990123 times are not consistent with the mean then this would suggest
Ep_v =0.016+0.020 (Schlegel et al.1998). We assumed thdhat the break between thg anda; regimes depends on wave-
there is no extinction in the host galaxy, but this is probably nlgngth, which would be inconsistent with the predictions of the
a good assumption since it is unlikely that a starburst galassfativistic fireball model. This method makes no assumptions
is devoid of dust. Reddening due to dust in the host galaapout the physical origin of the light curve. We checked if the
may result in us underestimating the flux from the host galaxyieak time was dependent on wavelength by evaluating the

3.1. The photometry
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Table 3. The parameters of the best-fitting light curves for the photometry of the OA associated with GRB 990123 in each band[gass. Eq. (1) is
a broken power law, Ed.]2) is the continuous function of Harrison €t al. {1999), arld Eq. (3) is the continuous function of Stanek €t al. (1999).

Eq.  Filter a1 Qs t, (days) Fo(ts) (udy) xbor DOF
@ B —1.114+0.12 —-1.814+0.14 1.57+0.51 9.32 +4.38 1.0224 6
\% —1.284+0.48 —1.58+0.16 1.71+£2.20 9.09 £ 17.72 0.7251 8
Gunnr —1.11+£0.12 —-2.01+£0.16 2.11+£0.83 6.22 £+ 3.94 2.6654 4

R —1.174+0.30 —-1.574+0.11 1.704+0.22 10.74 £+ 3.01 0.9111 31
1 —1.10£+£0.42 —-1.64+0.10 1.36£0.70 15.72 £ 10.83 0.6922 1
@ B —-0.83+0.38 —1.814+0.25 0.76+0.93 21.89 4+ 34.83 0.5445 6
%4 —0.76 £1.82 —1.57+0.19 0.39+£0.64 55.90+131.49 0.8296 8
Gunnr —-0.91+£0.24 —211+0.31 145+1.34 9.34 + 12.57 3.6172 4

R —0.734+1.16 —1.574+0.22 0.544+0.84 40.55 £ 71.25 0.8444 31
1 19.07 £ --- —1.61+0.06 0.70£0.80 26.00+47.72 0.7975 1
@3 B —0.754+0.70 —1.904+0.43 0.92+2.11 17.22 £ 53.45 0.5647 6
1% —1.124+0.60 —1.714+0.26 1.4044.29 11.09 £ 48.05 0.8678 8
Gunnr —0.87+£0.38 —2.25+0.47 1.78+2.46 6.78 £ 14.37 3.9109 4

R —0.56 £3.23 —1.63+0.68 0.54+2.63 40.64+214.63 0.8722 31
1 2.55 +9.37 —1.624+0.10 0.544+0.24 36.76 4+ 30.45 0.7451 1

Table 4. The mean values af1, a2, andt, for the best fits of Eq[{J1) 18
(a broken power law) to th&Vr RI data, and of Eq[{2) (Harrison’s
function) and Eq[{3) (Stanek’s function) to thd/r R data, for the OA
associated with GRB 990128.is the probability that each parameter 2o
depends on wavelength (see the text). o

¥2 = 1.0224
20 ¢

F oo, = —1.11 + 0.12 ]
=4 F o, = -1.81 + 0.14 B
Eq. Parameter  Meat SE Xa P o [ t, = 157 + 0.51 days =
@ Qi —1.124£0.08 0.0387 0.0028 r o Bot,) = 21.59 = 0.51 ]
as ~1.69+0.06 1.6616 0.8442 N
t, (days) 1.68+0.19 0.1331 0.0297 [ RMS = 0.093 ]
@ o —~0.884+0.20 0.0180 0.0033 05 L E
s ~1.70+0.12 09197 0.5697 3 f ]
t, (days) 0.61+0.42 0.1814 0.0909 (RN SR ¢ It R b 1
(i) o —-0.914+0.29 0.0658 0.0220 g F bt ]
s ~1.83+£0.19 0.3748 0.2288 —05 [ 3
t, (days) 1.114+1.30 0.0446 0.0125 - .
L GRB 990123 B-Band
B T B | [ R IR R R B BTN
-1 0 1 2
statistic for the weighted mean value @f The x?, value, log,,( Days since 23.4076 Jan. 1999 )

and P, the probability that we can reject the null hypothesi|§

that the break time seen in each band pass is consistent Wlth( 1)) for the GRB 990128-band photometry, The horizontal bar
mean brea_k time (i.eP is the pr(_)babll.lty that the b_regk tiMeghows thelo uncertainty in the time of the break. The lower panel
changes with wavelength), are listed in Tellle 4. Similar calcghiows the residuals inthe fit. The residuals are defineBas— Bobs ).
lations were done for the slopes andaz. The P values are The uncertainties in the residuals are the uncertainties in the observed
all less than 0.9, so we conclude that there is no evidence thad. The magnitudes have been corrected for Galactic extinction in
the break time, or the slopes, vary with wavelength. the direction of GRB 990123, but not for extinction in the host galaxy.

.1. The upper panel shows the best-fitting broken power law

3.2. The spectrum of the optical transient
is arbitrary, but this value gives/10'> ~ 1, which results in
We have assumed that the OA for GRB 990123 has a power-lgip|e fits of the flux data to EGI(4).
spectrum of the form We estimated the spectrum at a series of times by taking the
B-, V-, R-,and/-band data in 0.1-day intervals and fitting it to
(4) Eg.[3). Onlyintervals that contained at least three observations
spanning two or more filters were considered. Big. 6 shows the
wheref, (v) is the flux, inuJy, at the frequenay, andGo 4 isthe  values of3p 4 determined this way. The weighted mean spectral
spectral index. The choice @6'® Hz as a reference frequencyindex isfoa = —0.750 + 0.068 (SE) withx2 = 0.4711. The

v ) Boa

fu) = £,010" He) (o
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Fig. 2. This figure shows the best-fitting broken power law, and tHeg- 4. This figure shows the best-fitting broken power law, and the
residuals, for the GRB 990123-band data. The large uncertainty in"esiduals, for the GRB 990123-band data.
the time of the breaktf = 1.71 & 2.20 days) indicates that the data

could be well fit by a single power law. 18 1 ‘ ‘ =

r X2 = 0.6922 1

18 0 \ \ - RO L 3

C X: = 2.6654 ] 2o [ .

20 ' = o T ]
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log,,( Days since 23.4076 Jan. 1999 ) Fig. 5. This figure shows the best-fitting broken power law, and the

residuals, for the GRB 99012Bband data.

Fig. 3. This figure shows the best-fitting broken power law, and the
residuals, for the GRB 990123 Gunsband data.
4. GRB 990510 data

low x% o Value suggests that we can reject the null hypothesfs1. The photometry

i i i i 0, i-
that the spectral index is constant with time, at the 179 conflzy ¢j|jected the published optical observations of the OA as-

dgnce level. This is too low to b.e able t'o reject the nu”.hypOthgéciated with GRB 990510 from eleven sources: Beuermann
sis, so we conclude that there is no evidence for a variable t al. [1999), Covino et al[ (1999), Fruchter et al. (1999a),

Our value of8p, is consistent with the direct measurement alama et al. [(1999b), Harrison et al. (1999), Marconi
Andersen et all (1999). They fourithy = —0.69 + 0.10 be- , S :
tween 40008 < X < 57004 from a spectrum of the OA that et al. (1999a, 1999b), Pietragki & Udalski [1999a, 1999b,
v\\,/\;s taken 0.8 hours after the burst pectru 1999¢), and Stanek et al. (1999). These data consists of 182 ob-
' ' servations in the Johnsdfn-band, and in the Kron-Cousiri-,
and/-bands. The observations were taken at seven telescopes up
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Table 5. The parameters of the best-fitting light curves for the photometry of the OA associated with GRB 990510 in each band[gass. Eq. (1) is
a broken power law, Ed.]2) is the continuous function of Harrison €t al. {1999), arld Eq. (3) is the continuous function of Stanek €t al. (1999).

Eq. Filter a1 o2 143 Jo(ty) Xbor _ DOF
@ |4 —0.78£0.12 —-2.084+0.20 1.234+0.22 62.72 £ 13.20 1.5183 63
R —-0.69+0.11 -1.724+0.13 08740.12 96.06+15.50 1.2569 57
I -1.164+0.34 —-1.734+0.29 1.334+0.66 58.674+41.41 0.9355 50
@ V. —0.624£0.19 -2.164£029 1.054+047 65.54+37.73 0.6395 63
R —-046+020 -1.85+026 0.704+0.35 114.54+63.24 0.7292 57
I —0.67+1.79 —1.84+122 0804226 106.44+351.17 0.8679 50
(&) V. —-058+£023 -23240.37 1254071 50.70+39.84 0.4218 63
R —0.40+0.29 —-2.00+0.36 0.81 £0.60 96.02 £+ 84.48 0.9763 57
I —0.51+2.08 —2.02+1.16 0984285 83.55+310.43 0.8547 50
0.5 - ‘ ‘ "] The fits for each band pass, and each fitting function, are
i Boa = —0.750 + 0.068 given in Table’b. The uncertainties in the parameters are the
F A formal 1o errors in the fits and do not include contributions
oL | from the covariance between the parameters. The residuals for
i ] all three fitting functions show some structure near the loca-
S ! g tion of the break. This suggests that none of the three fitting
05 ! B functions which we used in this paper accurately reproduce the
. ;1% 7777777777 777777777777777777 ] temporal behavior of the light curve during the transition from
S S 1 SRS G IS —— the oy regime to thens regime. The last twd -band obser-
1L B vations, and the lask-band observation, were derived from
3 1 images taken with thelST/STIS and were transformed from
i 1 i the 50CCD (clear) aperture to théand R bands assuming a
5L N spectralindex oo = —0.6 (Fruchter etal. 1999a). These ob-
L g servations were taken approximately one month after the other
L GRB 990123 1 observations, so the large residuals for these three data points
oL B may be due to a change in the shape of the OA's spectrum dur-
\ \ \ \ ing that period, or systematic uncertainties in transforming the
0 1 2 3

50CCD magnitudes t& R magnitudes.

The weighted mean values for each parameter, their standard
Fig. 6. This figure showsJoa, the spectral index of the light from the errors, and tha, o values are listed in Tabld 6 for the fits to
OA associated with GRB 990123 (filled circles), as a function of timeach fitting function. The mean values®f, s, andt, agree
The error bars are defined as = \/>>Y , (o1.:/f:)* whereo;; is 10 Within approximatelyl.50 regardless of which function is
the uncertainty in each flux valug, The solid line shows the weightedfit t0 the data. However, there are systematic variations in the
mean value 0Boa while the dashed lines show tite uncertainty in residuals of the fits of Ed.{1) (the broken power law) to the
Boa. The open square shows the Andersen et al. (1999) spectral valde and R-band data. This indicates that one of the continuous
The data are consistent with a constash of —0.750+0.068. There functions (Eq.[(R) of(B)) provides a better fit to the data than the
is no evidence thaio varies with time. broken power law (EqL{1)) does, which in turn suggests that the

break in the light curve was not nearly instantaneous as was the

case with GRB 990123, but may have occurred over a period
to 40 days after the burst. The published magnitudes were cof-approximately one day. EQJ(2) (Harrison’s function) gives
verted to fluxes in the same manner as described in[Sect. 3.1thsmallest residuals, and the least scatter in the values of the
corrections were made for a host galaxy since no host galaxy pasameters in different band passes, so we have adopted it as the
been observed for this burst to a limiting magnitud&cf 27.6  best fitting function. Thé” values in Tablgl6 are all less than 0.7,
(Beuermann et a[. 199%) The Galactic reddening in the di-so we conclude that there is no evidence for any variatien jn
rection of GRB 990510 i€9p v = 0.203 £ 0.020 (Schlegel a5, ort, with wavelength. Fig&l 739 show the data for each band
et al[1998). We assumed that the extinction in the host galgxyss with the best-fitting continuous functions superimposed.
wasAy = 0.

Time (Days since 23.4076 Jan. 1999)

! Recently Bloon({2000) and Fruchter e{al(2000) reported eviden%g' The spectrum of the optical transient

forafaint (V' = 28.5 + 0.5) host galaxy. This corresponds to a flux oiyie estimated the spectral index for the OA associated with

~ 0.014 pJy in the V band, which is not sufficient to affect the resuItE;RB 990510 in the same way as we did for the OA associated
of our fits.



S. Holland et al.: The broken light curves of gamma-ray bursts GRB 990123 and GRB 990510 473
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Fig. 7. The upper panel shows the best-fitting continuous functidtig. 8. This figure shows the best-fitting continuous function (Efg. (2)),
(Eq. (2), Harrison's function) for the GRB 9905¥8band photometry. and the residuals, for the GRB 9905Reband data.

The horizontal bar shows thier uncertainty in the time of the break.

The lower panel shows the residuals in the fit in the s¢hse— Vobs). 15
The magnitudes have been corrected for Galactic extinction in the di-
rection of GRB 990510.

X%, = 0.8679

20

Table 6. The mean values ef;, o2, and, for the best fits of Eql{1) (a o
broken power law), Eq{2) (Harrison’s function), and E¢. (3) (Stanek’s
function) to theVRI data for the OA associated with GRB 990510.

is the probability that each parameter depends on wavelength (see the

a, = —067 + 1.79

a, = —1.84 £+ 1.22

2
, = 0.80 £ 2.26 days

t
I,(t,) = 18.37 + 3.58
|
\

0 30 R R N R B O B SR
1

Eq. Parameter Meatt SE X2 P RMS = 0.062
@ o —0.75+0.18 1.8114 0.5957 L

as ~1.81+0.10 1.1878 0.6951 E

t 0.96+0.10 11913  0.6962 2 o0f s ?&ﬁm 77777777777
@ a —0.5440.14 01707 0.1569 2 |

as ~1.98+0.19 0.3239 0.2767 “0sE

ty 0.82 +0.28 0.1784 0.1634 ) L GRB 990510 I-Band
@) a —0.51+0.18 01182 0.1115 e - R —-

2154025 0.1 1801 :
(:: 0995:|: 00455 81228 81320 log,,( Days since 10.3674 May 1999 )

Fig. 9. This figure shows the best-fitting continuous function (EQ. (2)),
and the residuals, for the GRB 99051®and data. The large uncer-
with GRB 990123 (see SeCt. B.2). Higl 10 shows the valuestghty in the time of the breaky( = 0.80 = 2.26 days) indicates that
Boa that were determined in this manner. The weighted mege data can be well fit by a single power law.
spectral index isfoa = —0.531 & 0.019 (SE) with x2, =
1.6598, which suggests that we can reject the hypothesis that
the spectral index is constant with time at the 95% confiden@ga of —0.62 & 0.06, which is consistent with the Beuermann
level. Our mean value foBo 4 is consistent (within.50) with et al. [1999) result. We findoy = —1.29+0.23 3.6 days after
the value obtained by Beuermann et al. (1999) using long-dlie burst. This is inconsistent with the Beuermann efal. (1999)
spectrophotometry 3.9 days after the burst. They faigid = data, but is consistent with the spectral index continuing to in-
—0.55 4 0.10 in the interval 490 < A < 9000A. crease after the break in the light curve occurred. However, we
Our result is consistent with the spectral index increasitiglieve that the direct measurement of Beuermann étal.[(1999)
from Boa = 0 at the time of the burst t6oa ~ —0.6 at the is more reliable than our indirect measurements@f so we
time of the break in the light curve,(= 0.82 + 0.28 days after conclude that it is unlikely that the spectral index continues to
the burst). After the break the spectral index stays constaniratrease after the break.
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I I I
Boy = —0.531 + 0.019

R .

0.5 factor that separates the fast cooling electrons from the slow
cooling ones, all depend on the model parameters and the fire-
ball geometry (spherical or collimated). Explicit expression
for these cases can be found in Sari et[al. (1998), Wijers &
Galama((1998) (spherical), and Rhodds (1999) (jet). We do not
consider the spectrum belawandv,,, in the fast and slow cool-
ing regimes, respectively, as this is not of interest in the present
discussion. The time dependencegf, v., andf,  is different
in spherical and collimated models and has been discussed by
e.g. Rhoads (1999; see also Sari et al. 1999).

For a collimated outflow in an ambient medium of constant
number density:, we have (Rhoads 1999)
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Fig. 10. This figure shows3oa, the spectral index of the light from fr, =1.8-107°(1 + z)eg " bp ( 9(2) > n 1.82Gpe Gpe Jy.(9)

the OA associated with GRB 990510 (filled circles), as a function of
time. The solid line shows the weighted mean value3ef while Here, z,, is the dimensionless frequency at maximum flux
the dashed lines show ther uncertainty inSoa. The open square and ¢, is the dimensionless flux at that frequency (Wijers &
shows the Beuermann et al. (1999) spectrophotometric data. The @@lama 1998). These are determined by the indafithe elec-
are i_nconsistent v_vith aconstghba atthe 95% conf[de_nce level (92%¢ron energy distribution. The burst energy in unitd 012 erg is
confidence level if the spectrophotometric datum is included). denoted byEs,, 6, is the half angle of the collimated jet; is

the time in days, andy, is the luminosity distance to the burst.
5. Models To connect the optical observations in a given band pass

. i ) ~_directlyto the model parameters we rewrite, for example [Eq. (6)
The generic model for an OA associated with a GRB is a firebgl,

expanding relativistically into an ambient medium of number
densityn, and decelerating as it sweeps up matter. The shae®R—1/2f, = ,P-1/2y, (10)
between the fireball and the medium accelerates electrons to ) ) ) )
relativistic energies, and gives them a power-law distributidRl ¥m < v < V. in the slow cooling regime, while far > v.
of energiesN(7) o 7. The total energy in the electrons igV€ Would have
parameterized by,, the ratio between the energy in electrons v\ (P=1)/2
and the energy in nucleons. Similarly, the magnetic field strengthf > f, = <m> ve2 g, (11)
is parameterized byg, the ratio of the comoving field energy ¢
density and the post-shock nucleon energy density (e.g. Wij&ismilar expression may be obtained in the fast cooling regime.
& Galama 199B). Combiningv,, and f,,, according to Eq[(10), o#,,, v., and

At a given instant in the fireball evolution the instantaneou$, according to Eq[{11), depending on the frequency range
spectrum of the OA is determined by the local conditions in tlef interest, allows us to directly connect the observations at a
shock region. In particular, the electron energy ingedeter- given frequency to the model parameters. The general formula
mines the spectral slope of the synchrotron emisgjor t»°, that is obtained this way is complicated but may be simplified

e.g., through the relatiod = —(p — 1)/2. Following Sari in specific cases (see EQ.{15)).
et al. (1998), we have, for the fast cooling regime, The properties of the observed light curve of the OA, such
1/ as the rate of decay, are primarily determined by the hydro-

f, = (v/ve) Jvim Ve <V <V, (5) dynamic evolution of the fireball. In particular, spherical and

Y Wi fve) 2w vm) P2 f v > b collimated bursts give rise to different forms of light curves.

o _ _ The adiabatic evolution of the Lorentz factdy, of the fireball
while in the slow cooling regime we have is given by (Sari et al. 1998; Sari & Piran 1999)
(Wfvm) "2, Vi <V < Ve, B\ /8

v = ) " , 6 _ L52 —3/8

f { (Vc/ym)_(p_l)/2(V/VC)_p/nym, v, < V. 6 r= 6.65< . ) g™ (12)

The synchrotron peak frequeney,,, the flux at that frequency A spherical outflow generally results in a uniformly decaying
fu..» and the frequenay, corresponding to the electron Lorentzight curve that can have modest breaks which are due to the
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Table 7. The electron energy index before,, and after,p., the break in the light curve, and the size of the break, inferred from the
observations of GRB 990123 for the three models discussed in the text. The observed values are given for comparison. The observed value of
is computed from our observed value@fa = —0.750 £ 0.068.

SphericaHl- non-relativistic 0o constant Sideways expansion Observed
P1 1—401/3=249+£0.11 1—4a1/3=249+0.11 1—4a;1/3=2.49+0.11 2.5040.14
P2 (21 — 10c2)/15 = 2.53 £ 0.04 —4an/3 = 2.25+0.06 —a2 =1.69+0.06 2.50+£0.14
Aa —(o1 +3/5) = 0.52 4 0.06 3/4 1—a1/3=137+£0.02 0.57+0.10

different time evolution of the characteristic frequencigsand the breakin the light curve, so we can conclude thiatonstant

v, (Sari et all”I998). A pronounced break in the light curve majuring the observed evolution of the light curve. The reliability
be observed in a spherical outflow that becomes non-relativisti€,3 and p obtained in this way is questionable, however, as
but requires the ambient medium to be denser, by several ordbeseffect of extinction o is unknown. The light curve decay

of magnitude, than generally expected (Wijers et al. 1997; Dadices,a; andas, on the other hand, are also a functiorpof

& Lu 1999). The steepening of the light curve in the case ofand are not affected by extinction. Therefore, we have elected
spherical fireball entering a non-relativistic phase can be shotruse our fits to the measured light curves to obtain the electron
tobeAa = (a1 — ag) = — (a1 + 3/5). index, and use that to infer the spectral index.

Collimated outflows, on the other hand, give rise to a light In TabldT we compare the electron energy index that we cal-
curve thatresembles a broken power-law which becomes steepgate from the light curve indices using three different models
between several hours and several days after the gammaanagf assuming that the ambient medium has a constant density.
event. There are two general possibilities. During the initial phase, all models look spherical to the ob-

server, hencgis the same for all of them. After the break in the
1. There is a collimated outflow with a fixed opening arfigle light curve, different models give different relationship between

WhenT decreases tb ~ 1/6y, the light curve steepens.the light curve decay rate apclas indicated in Tablg 7. The last

This steepening occurs because after the outflow has detiak in Table[T gives the size of the break that is predicted by

erated the observer only receives radiation emitted withé@ch model and should be compared to the observed size of the

the collimated beam (Bszaros & Rees 2000; Kulkarni break,Aa = 0.57 4 0.10. A spherically expanding fireball en-

et al.[1999a). The amount of steepening\is = 3/4. This tering a non-relativistic regime at the time of light curve break

is a purely geometrical effect, so the intrinsic properties gives the best overall agreement with the data (see also Dai &

the fireball are not affected by the transition tothe: 1/6, Lu[1999; Wang et al. 1999). That interpretation, however, does

regime. have problems in accounting simultaneously for the optical and
2. The collimated outflow may expand sideways as well asdio properties of the burst (Kulkarni et[al. 1999b). It is worth

radially (e.g. Rhoads 1999; Panaitescu &$#ros 1998). noting that the sideways expanding jet predicts a break in the

Initially, the relativistic beaming dominates over the siddight curve of A« = 1.37, which is more than twice the size of

ways expansion, but when sideways expansion sets in, the observed break.

radial expansion essentially comes to a halt, which results Our preferred model in interpreting this burst is that of a

in a steepening of the light curve. Simple analytic estimatesllimated outflow of a fixed opening angle. The main reason

show that this steepeningdsa = 1— a3 /3 (Rhoad$§1999), for this choice is the model’s ability to self-consistently account
while detailed numerical simulations show that the steepefor the observations all wavelengths. If we accept the constant
ing is expected to be more gradual both in time and slopggmodel as the best description of GRB 990123, we can deduce

(Moderski et all_ 2000). the remaining model parameters. Evaluating Eg. (12); at

t, = 1.68, and usingFs. = 338, we find that the Lorentz factor

. of the fireball at the time of the break is
6. Interpretation

B\ /8

6.1. GRB 990123 I = 5_47(52) ~ 11~ 8. (13)
n

The synchrotron peak frequenay;,,, was most likely in the

radio already on 1999 January 24.65 (Galama €t al._ 1999H)gerefore, interpreting the break in the light curve as a geomet-
implying that the electrons were already in the slow coolingcal effect, we find the opening angle of the collimated outflow
regime. The flux at frequeneywould then be given by E.{10).to be
The isotropic energy of the burdiy,, that was estimated from 1
the gamma-ray data, i85, = 338 + 1 at the observed redshiftfy ~ 5~ ﬁnl/g ~ 5°nt/8, (14)
of z =1.6.

The spectral index that we determined for GRB 99012®&hich enables usto eliminate the opening angle from the expres-
B = —0.750 & 0.068, corresponds to an electron indexpof=  sions forv,, and f,, (Egs.{¥) and{9)). The opening angle is
2.500 £ 0.136. There is no evidence for variations fhacross weakly dependent on the number density of the medium where
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the burst occurred. Typical number densities in star-forming r@2. GRB 990510
gions, for example, canvary from~ 1ton =2 1000. However,
this range of number densities corresponds to opening angle

o< g < 190 A
5° 5 0o 5 12° so the amount of collimation does not depen he lower limit to its redshift i = 1.619 £ 0.002 (Vreeswijk

strongly on the densﬂy of _the_ ambient medium. et al!1999), and the isotropic energy release igs—= 17 + 1.
The fireball evolution is independent of colour, so obse e afteralow was the first to show a smooth break in the light
vations in different bands passes should give identical results glow w ! W : '9

. . . rve rather than a sharp break at a fixed point in observer time.
when evaluating the left hand side of H.](10). Using the datd . )
for Eq. (1) (the broken power law) in Talile 3 at the time of the The measured light curve decay index before the break,

break in the corresponding light curve, averaging over all fi\?éL — —0.54 i.0'14' Is too small to be explained by adiabatic
. . ireball scenarios as it leads to a value for the electron energy
band passes, and rearranging, we obtain

index,p < 2, that is too small. It is, however, consistent with
ep—1G(BI7+1)/4E£Z2’+1)/4n—(p—9)/32 ~1.34.-10"2 (15) @ radiative fireball (e.g. Sari et al. 1998). In that case the light
c ? curve is predicted to decay &s*/7 with a corresponding spec-
We have retained in the exponents of the model parameters toal index of 3 = —1/2. These values are both independent of
show their explicit appearance, but ugee 2.37 (the mean of p, and are in good agreement with the observed valug cdnd
p1 andp, for the constanf, model), to evaluate the right handthe value of3 that we inferred from the light curves. After the
side. Note that the above equation constrains four independsittal radiative stage, the fireball evolves to the more commonly
model parameters, but the isotropic energy of the biifst,= observed adiabatic phase.
338 + 1, can be determined directly from observations, so only In Table[8 we compare the electron energy indexcal-
three parameters remain undetermined. culated from the observed value af for the three models
An additional expression can be obtained using 2he considered in the previous section. As already mentioned the
10 keV X-ray data obtained on 1999 January 24.2 (Heigaitial slow decay is incompatible with the requirement that
etal[1999). At that time the cooling frequency was less than tie electron population have a finite energy, i.e., electron en-
frequency of theX-rays ¢ > v.), so Eq.[(1]1) applies. Evaluat-ergy indices ofp < 2 correspond to infinite energy, and only
ing the left-hand side of Ed.(11) using th&ray observations the sideways expanding jet model is consistent with the be-
we find havior of the light curve at late time. This model also gives
good agreement for the size of the break in the observed light
curve,Aa = 1.44 £+ 0.17. The smooth break in the light curve
(see also Stanek et al._ 1999; Israel et [al. (1999), and Harri-
son et al[ 1999), further supports that interpretation (Moderski
et al.[2000). The late time spectral index, calculated fgam
is Boa = —0.49 £ 0.10. This is in good agreement with the
This giveses ~ 2.6 - 10~ ande. ~ 0.79 if n = 1 cm~3, or value determine from spectrophotomety, = —0.5540.10,
ep ~ 5.6-10~7 ande, ~ 2.94if n = 1000 cm~3. An additional Beuermann et al. 1999), and the mean value that we calculated

relation is needed in order to determiméndependently. from the light curve foa = —0.53 + 0.02). Therefore, the

An alternative, but related interpretation is collimated ougideways expanding jet, with a radiative initial phase, is our
flow in an ambient medium with a number density distributioRreferred model.
of the formn(r) o« r—¢ (see Panaitescu et Al. 1998&Maros Applying an analysis similar to the one that we did for
et al[1998). Herej = 0 represents a homogeneous distrib>RB 990123, we obtain an opening anglefgf ~ 5°n'/%,
tion, while § = 2 represents a distribution characteristic of Which is consistent with the opening angle derived by Harrison
pre-existing stellar wind. The light curve decay rates will bgtal. (1999) for GRB 990510 and the opening angle that we de-

steeper in awind distribution than if the density is constant, afiged for GRB 990123. In principle itis possible to deriveand
the break in the light curve will be less pronounced. In geas in the same manner that we did for GRB 990123. However,

eralAa = (3 — 8)/(4 — ). This reproduces\o = 3/4 when 10 do this we need an observation of the fluxat- v., and,
§ = 0, as discussed above, but givAs: = 0.5 for a stellar unfortunately, there are no observations in the literature at these
wind density distributiond = 2). frequencies. Therefore, we are not able to break the degeneracy

Interpreting the burst using this model we obtain 1.67+ betweert., ex, andn that is seen in EqL(15).
0.54, which is consistent with a stellar wind density distribution.
This model add$ as a new parameter, but constraihsince 7. Conclusions

the spectral index is now fixed by the light curve decay rates, ibl
. T to | t deal about th t f a GRB,
(ap and ) andé. We obtaing = —0.51 + 0.14, which is 'S POSSIbIE 10 fearn a great deal anout the nature ot a

X . . . . and the environment where the burst occurred, from the optical
marginally consistent with the spectral index inferred from ﬂ]?ght curve of the burst's OA. However, it is important that the
data, resulting ip = 2.02 £+ 0.28. The other model parameters )

. . . ) decaying light curve be well-sampled in order to accurately
discussed above are similar to what is found indke 0 case. determine the time and shape of the break, as well as the slope

of the light curve before and after the break.

g(l)?rB 990510 was a strong burst, although none of its observed
roperties were extraordinary in any way (Wijers et al 1999).

6571e(g—f))/477/7(1079)/3275/6Eégp—5)/12 = 2089, (16)
and combining the optical andl-ray results gives

*n5/6 ~1.33-1077. 17)
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Table 8. Predicted parameters for three models for gamma-ray bursts and the GRB 990510 observations.

Spherical- non-radiative 0o constant Sideways expansion Observed
P1 1-401/3=172£019 1—401/3=1.72+0.19 1—4a1/3=1.72+0.19 1.354+0.14
D2 (21 — 10c2)/15 = 2.72 £ 0.13 —4an/3 =2.64+0.25 —a2=198+0.19 2.24+0.12
Aa  —(a1 +3/5) = —0.06 £ 0.14 3/4 1—ai/3=1.18+0.14 1.44+0.24

GRB 990123 and GRB 990510 are the first two GRBs for We have investigated several models for GRB 990123 and
which breaks have been observed in their optical light curv&3RB 990510 and find that the OAs for these two bursts can not
We have collected all of the published photometry for these twe explained with a single model. This suggests that the local
bursts and determined the time of the break and the slope®n¥ironment where a GRB occurs plays an important role in
these light curves before and after the break using three differdatermining the evolution of the fireball, and the observed light
fitting functions. We also estimated the spectral indices of eactwrve of the OA. We note, however, that the uncertainties in
OA from near-simultaneous broad-band photometry. These patermining the break time and slopes of the light curves make
rameters were used to constrain models for the nature of eddifficultto unambiguously determine the physics of the optical
burst. Our results suggest the following. afterglow and its environment.
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