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CHAPTERR 6 

Thee radio afterglow of GRB 030329 at centimetre 
wavelengths:: evidence for multiple jets or a 

structuredd jet 

E.. Rol, A. J. van der Horst, R. A. M. J. Wijers. R. Strom. L. Kaper. 
C.. Kouveliotou. F. P. J. van den Heuvel 

too be submitted 

Abstractt We present our centimetre wavelength (1.4. 2.3 and 4.9 GHz) 
lightt curves of the afterglow of GRB030329. which were obtained with 
thee Westerbork Synthesis Radio Telescope. Modelling the data according 
too a coltimated afterglow results in a jet-break time t] of 17 days. This is in 
contrastt with earlier results obtained at higher frequencies, which indicate 
t\t\ to be around 10 days. Furthermore, with respect to the afterglow model, 
somee additional flux at the lower frequencies is present when these light 
curvess reach their maximum. We subsequently show that the afterglow 
cann be modelled with two or more components with progressively later jet 
breaks.. From these results we infer that the jet is in fact a structured or a 
layeredd jet. where the ejecta with lower Lorentz factors produce additional 
fluxx which becomes visible at late times in the lowest frequency bands. 

6.11 Introduction 

Sincee the discovery of afterglow emission of gamma-ray bursts (GRBs) at X-ray. 
opticall  and radio wavelengths (Costa et al. 1997: Van Paradijs et al. 1997; Frail 
ett al. 1997). it is clear that broad-band observations are needed to determine the 
physicall  processes producing the afterglow emission in the context of the avail-
ablee models, the most popular being the fireball model (e.g.. Rees & Mészaros 
1992:: Mészaros & Rees 1997). Obtaining the overall shape of the energy distri-
butionn and the time evolution of the GRB afterglow provides information about 
thee intrinsic energy, both in electrons and in magnetic fields, as well as about the 
matterr into which the GRB blasted its ejecta (see. e.g.. Wijers & Galama 1999). 
Althoughh optical observations alone can give the value of some of these paramet-
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744 The radio afterglow of GRB 030329 

ers,, observations covering the full wavelength region are required to determine 
alll  these physical parameters. 

Thee self-absorption frequency va of the afterglow broad-band spectrum can 
oftenn be constrained by radio observations at centimetre wavelengths (e.g.. 
Wijerss & Galama 1999). As the afterglow spectrum evolves, the two other char-
acteristicc break frequencies in the broad-band spectrum (the frequency at the 
peakk flux vm and the cooling frequency vc) enter the radio regime as well, al-
thoughh in practice the flux level at rc is below the detection limit of current radio 
telescopes.. The latter frequency can usually be determined from the available 
opticall  and X-ray data, which span the frequency range where the cooling fre-
quencyy is found during the first days of the afterglow. These break frequencies 
andd their time evolution uniquely determine the parameters that make up the 
fireballl  model and its evolution. 

GRB0303299 is the closest gamma-ray burst discovered so far for which an 
aftergloww has been found'. At a redshift of - = 0.1685 (Greiner et al. 2003). 
itss afterglow was discovered with an incredible R = 12.4 magnitude, just 67 
minutess after the GRB itself (Sato et al. 2003). about 100 times brighter than 
thee average GRB afterglow. The brightness of the afterglow made it possible 
too study its evolution in detail over a broad range of frequencies, from X-ray 
too centimetre wavelengths. Furthermore, its proximity provided an excellent 
opportunityy to look for a supernova signature in both the light curve and the 
spectrum,, as predicted by the collapsar model (Woosley 1993: MacFadyen & 
Woosleyy 1999). the currently favoured explanation for long duration gamma-
rayy bursts. The resemblance between the supernova spectrum distilled from the 
GRBB 030329 afterglow and that of the energetic type Ic supernova SN1998bw 
(associatedd with GRB980425. Galama et al. 1998) provides strong support for 
thee core collapse of massive stars as the cause for GRBs (Hjorth et al. 2003; 
Stanekett al. 2003). 

Heree we describe our radio monitoring campaign of this extraordinarily 
brightt afterglow with the Westerbork Synthesis Radio Telescope (WSRT) in the 
centimetree waveband. In Section 6.2 we describe the data we obtained. In Sec-
tionn 6.3 we apply an afterglow model to the data, and in Section 6.4 we compare 
ourr results with radio data obtained by other groups. Finally, in Section 6.5. we 
summarisee our findings and draw our conclusions. 

Apartt from GRB 9X0425,SN IWJSbu a! ; = 0.00S?. tor which no uncrdow was found 
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6.22 Data reduction and analysis 

Dataa were obtained with the WSRT. at 1.4. 2.3 and 4.9 GHz. We used the Multi 
Frequencyy Front Ends in combination with the IVC+DZB backend in continuum 
mode,, with a bandwidth of 8x20 MHz. Gain and phase calibration were per-
formedd with the calibrator 3C286, though sometimes 3C147 or 3C48 were used. 
Tablee 6.1 lists the log of the observations. VLBI observations prevented us from 
usingg the WSRT in the second half of May. and observations resumed in June, 
mostlyy at 4.9 GH/. At 2.3 and 1.4 GHz the observations suffered from confusion 
fromm nearby bright sources, causing the noise to be at least a factor of two above 
thee theoretical limit . 

Tablee 6.1 — LOÜ of the observations 

observingg dates 

Marr 30.658- 31.138 

Marr 30.674-31.148 

Marr 30.691 -31.157 

Marr 31.655 - A p r 1.110 

Marr 31.672 - A p r 1.126 

Marr 3 1.688 - A p r 1.142 

Aprr 2 .650-3.088 

Aprr 2 .694-3.132 

Marr 2 .738-3.149 

Aprr 4 .644-5.083 

Marr 4 .732- 5.143 

Aprr 5.641 -5.818 

Aprr 7.072-7.138 

Aprr 7.636-8.135 

Aprr 1 1.625 - 1 1.693 

Aprr 12.622- 12.806 

Aprr 12.659- 12.843 

Aprr 18.606- 18.908 
Aprr 20.600-21.055 

Aprr 20.617-21.072 

Marr 20.633 - 21.087 

Aprr 27.583 -28.062 

Aprr 27.606-28.078 

Mayy 2.568- 2.816 

Mayy 5.732 - 5.955 

Mavv 9.813 -9.841 

A/'1 1 

(days) ) 

1.414 4 

1.427 7 

1.440 0 

2.398 8 

2.415 5 

2.431 1 

4.385 5 

4.429 9 

4.459 9 

6.379 9 

6.454 4 

7.246 6 

8.621 1 

9.401 1 

133 175 

14.230 0 

14.267 7 

20.273 3 

22.343 3 

22.360 0 

22.376 6 

29.338 8 

29.357 7 

34,208 8 

37.359 9 

41.343 3 

integration n 

time e 
(hours) ) 

3.3 3 

3.6 6 

3.6 6 

3.6 6 

3.6 6 

3.3 3 

4.0 0 

4.0 0 

3.3 3 

4.0 0 

3.3 3 

4.2 2 

1.6 6 

12.0 0 

1.6 6 

2.5 5 

2.5 5 

7.0 0 

3.3 3.3 

33 33 

3.3 3.3 

3.9 9 

5.5 5 

6.0 0 

5.3 3 

0.7 7 

frequency y 

(GH/ ) ) 

1.4 4 

2.3 3 
4.9 9 

4.9 9 
2.3 3 

1.4 4 

4.9 9 

2.3 3 

1.4 4 

4.9 9 

1.4 4 

2.3 3 

4.9 9 

4.9 9 

4.9 9 

4.9 9 

2.3 3 

4.9 9 

4.9 9 

2.3 3 

1.4 4 

4.9 9 

2.3 3 

2.3 3 

4.9 9 

2.3 3 

flux x 

(mJy) ) 

0.21 1 

0.28 8 

1.07 7 

5.98 8 

2.17 7 

0.63 3 

3.64 4 

0.80 0 

0.43 3 

4.89 9 

0.37 7 

1.23 3 

4.21 1 

3.64 4 

6.42 2 

5.25 5 
2.59 9 

6.96 6 

6.50 0 

1.20 0 

0.64 4 

9.17 7 

2.36 6 

3.04 4 

8.90 0 

3.11 1 

error r 

(flux) ) 

(mJy) ) 

0.07 7 

0.06 6 

0.03 3 

0.03 3 

0.05 5 

0.05 5 

0.04 4 

0.05 5 

0.11 5 

0.04 4 

0.04 4 

0.06 6 

0.06 6 

0.04 4 

0.05 5 

0.05 5 

0.06 6 

0.05 5 

0.04 4 

0.05 5 

0.05 5 

0.04 4 

0.04 4 

0.06 6 

0.04 4 

0.11 8 
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Tablee 6.1 — LOL; of the observations 

observingg dates 

JJ Li il 10.714- 10.963 

Jimm 9.737-9.944 

Jimm 16.567- 16.645 

Jimm 17.750- 17.792 

Jimm IK.777- 18.819 

Jull 1.652- 1.743 

Jull 2 .488-2.524 

Jull 3.548 - 3.620 

Jull 5.720-5.885 

Jull 19.580- 19.854 

Jull 23.673 -23.843 

Ar' ' 

(days) ) 

72,354 4 

72.356 6 

79.122 2 

80.287 7 

81.314 4 

94.213 3 

95.022 2 

96.100 0 

98.318 8 

11 12.233 

11 16.274 

integration n 

time e 

(hours) ) 

2.5 5 

2.5 5 

1.9 9 

1.0 0 
ii  ~> 

- >> > 

0.9 9 

1.6 6 

1.0 0 

6.6 6 

4.1 1 

frcquencv v 

(GH/ ) ) 

439 9 

2.3 3 

4.9 9 

43) ) 

4.9 9 

4.9 9 

4.9 9 

4.9 9 

4.9 9 

43) ) 

4.9 9 

llux x 

(mjy ) ) 

4.59 9 

3.84 4 

4.255 h 

3.79 9 

3.74 4 

3.82 2 

2.677 h 

3.57 7 

3.09 9 

2.27 7 

2.43 3 

error r 

(flux) ) 
(mJy) ) 

0.04 4 

0.07 7 

0.08 8 

0.08 8 

0.10 0 

0.10 0 

0.08 8 

0.07 7 
0.04 4 

0.05 5 

0.05 5 

''Inn days after the burst. The indicated time is the logarithmic average of 
thee start and end of the integration. 
bFlu\ess of surrounding point sources are consistently lower compared to 
otherr observations. 

Wee checked our results for consistency by measuring the flux of several 
nearbyy point sources, which were assumed to be constant. In a few observations. 
wee found these sources to be systematically dimmer, as indicated in the observa-
tionn log: we therefore suspect that the llux derived in these observations for the 
aftergloww is also below its real value. Although we could in principle scale these 
fluxess upward, we decided to ignore these observations in our analysis, as long 
ass it was not clear what the cause is of these low flux levels. 

Thee 1.4, 2.3 and 4.9 GHz light curves are presented in Figure 6.1. The 
generall  trend of the light curves is that expected for the low-frequency part of 
aa GRB afterglow: as long as the self-absorption frequency va is higher than 
thee observed frequency interval, the light curve rises since the frequency of the 
minimumm electron injection energy vm moves toward lower frequencies. When 
bothh rtl and vm pass the observed frequency interval (not necessarily at the same 
time),, a turn-over in the light curve occurs and the llux falls off steeply. We have 
listedd the precise temporal dependencies of r;i. rm. i ; and the peak flux /-',„  in 
Tablee 6.2. Table 6.3 lists the dependencies of the flux on v and / (note the change 
inn the spectral index when rm becomes less than ra). 
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Tabicc 6.2 — The various temporal dependencies of the break frequencies and peak flux 
off  the afterglow broad band spectrum. 

V'aa < > ' „ , ( < VL.) j V'a V m Vc Fm 

tt < t\ ! cc /"  cv- /  ' - cv ƒ ' - cv r 

AA > /j j o c r1 0 <x r2 A- / ' o: r ' 
! ! 

I'mm < l'a(< V j j 

// </j I L \ - r ~ A - r 3 ' 2 cv-/_l'': cv-/° 

// > /, a- r ' , 4 cv / - cv r cv t 

Tablee 6.3 — The spectral and temporal flux dependencies in the different regimes of the 
broad-bandd afterglow spectrum. 

i \\ < v[ r ,(< v j F ( r < v . > F ( ra < v < vm) F ( r,., < v < r ) F ( r < r ) 

/  < /, ~] cv v-  /' : ,v r ' '  l] - A- v" ' " '' :  / "'"" ' *  v-x- r '" ;  / ,;' : ' 4 

ƒƒ > /, .v v :  /" cv i'1 '  i ' ; .v v ' -  r" ' ' ,v r " :  t ;' 

v„ ,, < vj< \\ ) ; F ( v < rm ) F ( rm < v < v.,) F ( v., < v < i;.) f; (rL. < r ) 

II  > i. ,\ r:  t" ,v \- :  /' cv v ''" '' :  / " .v r " :  f '" 
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6.33 Applying the fireball model to the data 

Wee have modelled the data simultaneously in time and frequency, using a general 
broad-bandd afterglow model which includes a jet break. The several power-law 
segmentss of the broad-band spectrum were connected smoothly in way similar 
too Granot & Sari (2002). Since our data show a large scatter, especially at early 
timess due to scintillation, instead of following a smooth curve, we did not apply 
aa \~ tit. but merely tried to obtain a best fit by eye. This ignores the scintillation, 
andd it will also put some more emphasis on the 1.4 GH/ light curve: a \2 tit 
tendss to follow the 4.9 GH/ data points since these are more numerous, and wil l 
ignoree the global trend seen in the 1.4 GH/ light curve. 

Thee result of such an eye-ball broad-band fit is shown in Figure 6.1. Note that 
thee scintillation amplitude is largest in the first few days, after which it quickly 
decliness (the large decrease in the 2.3 GH/ light curve around 20 days could be 
ann artefact in the data, since it does not show up in the other light curves). In this 
way,, we obtained a value of 30 GH/ for the electron injection frequency vin and 
aa value of 21 GHz for the self absorption frequency r;i at 10 days after the burst. 
Thee flux at vm is about 100 mJy at that time. We find a jet-break time r} of 17 
dayss and the electron index p = 2.4 (the value of \\. can only be determined with 
observationss at higher frequencies: our dataset indicates that rc > 101- GH/). 

Thesee results are somewhat at odds with the findings by Berger et al. (2003). 
Whilee they obtain identical values for the self-absorption frequency ra and peak 
fluxx Fm. they derive rm - 43 GHz and /, - 9.8 days. To investigate this further, 
wee performed a fit which includes their data, as well radio data from Sheth et al. 
(2003).. This fit gives similar results to those presented by Berger et al. (2003). 
butt we note discrepancies in the low frequency light curves, especially in the 1.4 
andd 2.3 GH/ light curves. The flux at these frequencies is consistently higher 
att later times than the predicted flux if we model only the frequencies above 2.3 
GH/. . 

Att the turnover in the late-time light curves at 1.4 and 2.3 GH/ we find an 
excesss in flux compared to the model. This would require va and vm to pass these 
frequenciess later. We therefore introduced an extra component, which consists 
off  an afterglow with a jet-break time later than 10 days. The resultant fit is shown 
inn Figure 6.2. For the first component, which produces the main flux at higher 
frequencies,, the parameters were set as before, with t} at 10 days and a slightly 
lowerr peak frequency. The second component has t] - 30 da\s. rm - 100 GH/ 
andd r, ^ 2 GH/ at 10 days. The electron index p - 2.4 for both jets, which is 
somewhatt higher than the value inferred from the X-ray (Tiengo et al. 2003) and 
opticall  (Price et al. 20031 afterglow . 
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o.l l 

10 0 

4.99 GH/ 

2.33 GH/ 

1.44 GH/ 

100 100 
Timee (days after burst) 

Figuree 6.1 — An eyeball tit to the 4.9 (top). 2.3 (middle) and 1.4 (bottom) GHz WSRT 
dataa simultaneously. Note the large scatter around the model light curve during the first 
days.. This model has vm = 30 GHz. va = 21 GHz and tj = 17 days, and is not able to 
accountt for the excess flux seen at the turnovers in the 1.4 and 2.3 GHz licht curves. 
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0.1 1 

m m 

4.99 GHz 

2.33 GHz 

10 0 

( ) . ] ] 

1.44 GHz 

Timee (days after burst) 

Figuree 6.2— A two-component tit to the 4.9 (top), 2.3 (middle) and 1.4 (bottom) GHz 
WSRTT data. The first component (dashed line) is responsible for the high (4.9 GHz) 
frequenc)) light curve, while the second component (with fj = 30 days: dash-dotted line) 
accountss for the later peak in the light curves of the lower (1.4 and 2.3 GHz) frequency 
flux.flux. The combined li«ht curve is shown as the solid line. 
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6.44 Discussion 

AA similar procedure of fitting two components with different jet breaks was ap-
pliedd by Berger et al. (2003) to explain the break in the early-time optical (and 
X-ray)) light curve. The underlying mechanism involves two jetted outflows, one 
withh a small opening angle and a high Lorentz factor that produces the early-time 
lightlight curve, and a jet with a larger opening angle and lower Lorentz factor that 
carriess the bulk of the energy and produces the later-time light curve. 

Fromm the result of our two-component model fit, we conclude that another jet 
iss present with even larger opening angle, that powers the late-time (/ > 50 days) 
lightt curve and is therefore best visible at the very low frequencies observed 
here.. However, it may be that the total jet (which possibly includes the first 
narroww jet as well) is structured (e.g. Mészaros et al. 1998: Rossi et al. 2002) and 
thatt the Lorentz factor decreases toward the edge of the jet-cone. Alternatively, 
thee outflow consists of a layered jet, where shocks with lower L follow the faster 
oness as they run into the surrounding medium. In both cases, one expects that 
thee low Lorentz. factors dominate at low frequencies and that the jet break occurs 
laterr at progressively lower frequencies. 

Thee two-component fit to our data is certainly not satisfactory: it overestim-
atess the lowest-frequency flux at early times when it is still rising. This could 
bee due to the fact that our model does not include a deceleration phase during 
whichh the peak flux first rises. Furthermore, the values we find for va and vm in 
thee second component are rather different when compared to the first compon-
ent.. This difference would require a rather steep scaling of the frequencies with 
thee Lorentz. factor or angle. 

6.55 Summary and conclusions 

Ourr data confirm the picture of a jet in the afterglow of GRB 030329. that mani-
festss itself around t\ = 10 days. However, the flux level around the time when 
thee low frequency light curves peak is higher than that predicted by the two-
componentt afterglow model (cf. Berger et al. 2003). Adding a third component 
withh a later t\ we can account for this excess flux. Taking into account the earlv 
jett break, seen most clearly at optical wavelengths, we suggest that one is ac-
tuallyy seeing the result of several blast waves with a range in Lorentz factors, 
somethingg which comes quite naturally in the collapsar model for GRBs (Mac-
Fadyenn et al. 2001: Zhang et al. 2003). and was already suggested by Sheth et al. 
(2003).. However, their high frequency data was unable to distinguish jet breaks 
att later times. Our later time low frequency radio data show such a late-time jet 
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break,, corresponding to a lower Lorent/ factor, and therefore support a layered 
orr structured jet tor the afterglow of GRB 030329. 
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