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ABSTRACT

Context. We explore the physics behind one of the brightest radiagifte's ever, GRB 030329, at late times when the jet is non-
relativistic.

Aims. We determine the physical parameters of the blast wave argliitoundings, in particular the index of the electron gyer
distribution, the energy of the blast wave, and the density¢ture) of the circumburst medium. We then compare aultewith
those from image size measurements.

Methods. We observed the GRB 030329 radio afterglow with the West&rBgnthesis Radio Telescope and the Giant Metrewave
Radio Telescope at frequencies from 325 MHz to 8.4 GHz, dpgrantime range of 268-1128 days after the burst. We modéled a
the available radio data and derived the physical parameter

Results. The index of the electron energy distributionds= 2.1, the circumburst medium is homogeneous, and the transiithe
non-relativistic phase happenst@ ~ 80 days. The energy of the blast wave and density of the suding medium are comparable
to previous findings.

Conclusions. Our findings indicate that the blast wave is roughly sphédttr, and they agree with the implications from the VLBI
studies of image size evolution. It is not clear from the préad dataset whether we have seen emission from the cgetnoemot.

We predict that the Low Frequency Array will be able to obsetive afterglow of GRB 030329 and many other radio afterglows
constraining the physics of the blast wave during its ndatikastic phase even further.

Key words. gamma rays: bursts — radio continuum: general — radiaticcham@sms: non-thermal

1. Introduction this burst was Bx 10~%erg cn1? in the 7-30 keV band, and Iix
L . 10 “erg cnt? in the 30-400 keV band. The burst was followed
GRB 030329 has been a very distinctive eventin many respe% an extremely bright X-ray afterglow,4x 10-%rg cm?s .
Resjding at a redshift of 0.1685 (Greiner etal. 200.3)’ itea 4in the 2-10 keV band, detected by RX,'FES h after the burst
luminosity distance of 802 Mpc (adoptm% a flat universe W'th\/larshall & Swank 2003). The optical afterglow was detegted
Qy = 027,Qy =073 and i = 71kms"Mpc™), it is one 67, minutes after the burst, in R band at42nag (Sato et al.
of the nearest GRBs for which an afterglow has been obser\m:g). A bright radio afterglow of 3.5 mJy at 8.46 GHz was de-
(GRB 980425 at z= 0.0085 remains t_he nearest of the GRBS}acted by the Very Large Array (VLA) on 2003 March 30.06
GRB 030329 dlsplayed one of the bnghte_st afterg!ows EVET, T (Berger et al. 2003). Around 7 days after the burst the op-
abling the study of its evolut_lonforalongtlme and in detaer iop) spectrum showed the signature of underlying supexnov
a broad range of frequencies, from X-ray to centimetre wavggisqion SN 2003dH_(Hjorth etlal. 2003: Stanek et al. 2003).
lengths. The aft(_arglpv_v of 'Fh's GRB is one with the longest folrp o afterglow was subsequently followed at X-ray, optioal;
low ups ever, still visible in rgdlo waves three years afte timeter and radio wavelengths, providing the extremelhric
burst trigger. It was also the first GRB to have provided unarsy,nora| coverage of the transient in all the wavebands (e.g
b'9“°‘43 _eV|dence of the long suspected (e.g. Ga!ama et%glgﬂenqo et al. 2004 Lipkin et al. 2004; Gorosabel et al. 2006;
association between GRBs and supernovae (Hjorth et all; 208fth of 41 2003° Kuno etldl. 2004 Beraer et al 003). The
Stanek et al. 2003). U ; - S
. oximity of the GRB and the exceptional radio brightnesgof

GRB 030329 was detected and localised by the HETE%EergIOW made it possible to resolve the afterglow imageh wi
sat.elllj[e (Vanderspek etial. 2003) on 29th March 2003, at Very Long Baseline Interferometry (VLBI) campaign from
11:37:14.7 and lasted more than 100 s. The measured fluemcegfaayS (Taylor et 4. 2004) up to 806 days (Pihlstrom 5t 80720
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Extensive radio follow up of the afterglow has beeifRao et al. 2003) with a flux of 0.25 mJy. The afterglow was ob-
reported earlier by| (Berger etial. 2003), Frail et al. (20053erved since then at 1280 MHz, 610 MHz and 325 MHz. We
Van der Horst et al.| (2005) and Resmi et al. (2005). These mserved the afterglow at a total of 27 epochs (12 epochs at
ports cover a period of up to 1 year post burst. In this pap&280 MHz, 13 epochs at 610 MHz and 2 epochs at 325 MHz),
we report further extension of the low frequency radio fellop  excluding the first year observations reported_in_Resmilet al
of the GRB 030329 afterglow, up to 1128 days after the bur¢2005) (9 epochs at 1280 MHz). We have used a bandwidth of
using the Westerbork Synthesis Radio Telescope (WSRT) a82IMHz for all these observations. One of the three possitne fl
the Giant Metrewave Radio Telescope (GMRT). GRB 030329¢sllibrators, 3C48, 3C147 or 3C286, was observed at the begin
the first afterglow to be detected below an observing frequenning and end of each observing session for about 15 minwges, a
of 1 GHz, and even as low as 610 MHz. In Secfibn 2 we describgorimary flux calibrator to which the flux scale was set. Radio
the observations and data analysis. In Sedflon 3 we prdsentdources 11256261 and 1024219 were used as phase calibrators
results from modeling the light curves of all the availalddio at 1280 MHz and 610 MHz, respectively. The phase calibrator
data of the GRB 030329 afterglow, focusing on the blast waveas observed for about 6 minutes before and after an obgervin
physics in the non-relativistic phase of its evolution. bt8or4 scan of about 30 to 45 minutes on GRB 030329. The data thus
we compare our modeling results with previous light curuelst recorded were then converted to FITS format and analysed usi
ies and with the VLBI image size evolution. Furthermore, wAIPS. Fluxes of the individual sources were measured u$iag t
put constraints on the emission of the counter jet, and wes shtask ‘jmfit’ in AIPS.
model predictions for radio afterglow observations wité thow During the data reduction, we had to discard a fraction of the
Frequency Array (LOFAR). Sectidnd 5 summarises our resultsdata dfected by radio frequency interference and system mal-
functions. At the end of this we could use affiegtive band-

. . width of about 13 MHz, on average, for all the observations
2. Observations & Analysis reported here. Estimated fluxes of other sources in the field o

GRB 030329 was observed with the WSRT and GMRT frof@RB 030329, i.e. in the primary beam, showed a variation of up
325 MHz to 8.46 GHz, spanning a time range of 268-1128 dals~20 % between observations afférent epochs. A part of this
after the burst. The afterglow was clearly detected atetjdien- Variationappearsto be correlated betwedfedent sources. This
cies except for 325 MHz, where we only obtained upper limit§dicates the presence of possible systematic uncegaintthe
GRB 030329 is the first afterglow to be detected at frequanciéux calibration arising from instrumentaifects, for which we
less than 1 GHz: at 840 GHz with WSRT and even as low asfempt to correct in the following manner. At each frequenc
610 MHz with GMRT. Here we describe the data reduction atgnd, we have chosen a reference observation: at 610 MHz we
analysis of our observations; the observational resuééssam- have chosen the field observed on September 2 2005 as a refer-
marised in Tabl&]1 and TaHlé 2, for WSRT and GMRT respe@nce, and at 1280 MHz the one observed on July 1 2005. For ev-
tively. ery other observation, we selected four sources in the figkdrw
5 of the GRB 030329 position and estimated their fluxes. Ratios

. of these estimated fluxes to those at the reference epoch were

2.1. WSRT Observations computed and averaged for each observation. The flux of the af

The first observations of GRB 030329 with WSRT were cal€rglow measured at each epoch was then scaled using tinis ave
ried out at~ 1.4 days after the burst, at 1.4, 2.3 and 4.8 GH29€ flux ratio. The correction to the GRB flux obtained frorns thi

After the clear detections of the afterglow, we started aerin Procedure was quite small, typically less than the map rat.s
sive monitoring campaign at these three frequencies, oflwhimost epochs, except at two instances at 1280 MHz where the cor

the first results were presented|in Van der Horst et al. (200E§ction amounted te 20~ This gives us confidence that the esti-
Here we present the results of follow up measurements up?ﬁ‘teq flux of the GRB is quite secure at both 610 and 1280 MHz.
1128 days after the burst in a wider frequency range, addi QQe final fluxes, with _the corrections mentioned above ingerp
detections at 840 MHz and 8.4 GHz, and upper limits at 3%8ted; are presented in Table 2.

MHz. We used the Multi Frequency Front Ends (Tan 1991) in

combination with the IVGDZB backe_nB in continuum mode, 3. Modeling Results

with a bandwidth of 8x20 MHz. Gain and phase calibrations

were performed with the calibrator 3C286, though sometim¥¥ have modeled the light curves obtained together with pre-
3C147 or 3C48 were used. The observations were analydé@usly reported fluxes from WSRT (Van der Horst et al. 2005),
using the Multichannel Image Reconstruction Image AnalysBMRT (Resmi et al. 2005), and VLA, ATCA & Ryle Telescope
and Display (MIRIAD) software package; except for the 35(Berger et all 2903: Frail et al. 2005; Pihlstrbml E‘i-ﬁ al. 208ée
MHz observations, which were analysed using the Astronamid-igurel1. The light curves show the characteristics thaeare
Image Processing System (AIPS). Tafle 1 lists the log of tR@cted for the low-frequency part of a GRB afterglow. Sincthb
observations, spanning a time range of 268-1128 days after the peak frequencyy, of the spectral energy distribution and the
burst. We checked our results for consistency by measuniag synchrotron self-absorption frequeneyare situated above the
flux of several nearby point sources in the primary beam, whi¢adio regime at early times and they both decrease in tinee, th
were assumed to be constant in time. We found no significdiiht curves rise. When the peak of the broadband synchrotro

correlated flux-variations between the various epochs. spectrum, eitherm or va, has moved through the observing band,
the light curves turn over and decline steeply.

. According to the blast wave model (Rees & Meszaros 1992;
2.2. GMRT Observations Meszaros & Reés 1997; Wijers ei Al. 1997) the afterglow of a

The radio afterglow of GRB 030329 was first detected by GMRPRB is due to non-thermal synchrotron radiation emitted by

at 1280 MHz on the 31st of March 2003, 2.3 days after the buf§tock accelerated electrons. The large amount of energysed
during the burst, with a collimated outflow to start with,vdr$

1 See Section 5.2 at htfpwww.astron.nwsriwsrtGuidénode6.htmil - a powerful relativistic blast wave. As the blast wave praag
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Table 1. Log of WSRT observations of GRB 030329.

Observing Dates AT? Integration time  Frequency FlBix
(days) (hours) (GHz) H3ay)

2003 Dec 22.926 - 23.196 268.577 6.5 2.3 161RL
2003 Dec 25.005 - 25.188 270.612 4.4 1.4 25039
2004 Jan 25.833 - 26.333 302.599 12.0 0.35 <951 (3)°
2004 Jan 29.822 - 29.961 306.408 3.3 14 185321
2004 Jan 29.995 - 30.134 306.580 3.3 4.8 <648(3)¢
2004 Jan 30.168 - 30.307 306.753 3.3 2.3 138y
2004 Jan 31.012 - 31.137 307.591 3.0 8.4 81®5
2004 Feb 10.790 - 11.289 318.555 12.0 0.84 283288
2004 Mar 26.667 - 26.934 363.816 6.4 4.8 5977
2004 Mar 27.664 - 28.152 364.424 11.7 1.4 131804
2004 Mar 28.862 - 29.153 365.524 7.0 2.3 8729
2004 Apr 11.623 - 11.880 379.267 6.2 0.84 152389
2004 May 2.566 - 3.065 400.331 12.0 0.35 <1305 (3)°
2004 May 19.634 - 20.018 417.342 9.2 1.4 182100
2004 May 22.511 - 22.794 420.168 6.8 2.3 9334
2004 Jul 3.396 - 3.729 462.078 8.0 2.3 39
2004 Jul 4.394 - 4.726 463.076 8.0 4.8 97
2004 Aug 1.317 - 1.598 490.974 6.7 14 6295
2004 Sep 25.328 - 25.667 546.013 8.1 4.8 231
2004 Nov 2.063 - 2.271 583.683 5.0 2.3 5436
2004 Nov 11.039 - 11.371 592.721 8.0 1.4 11683
2004 Nov 12.036 - 12.536 593.802 12.0 0.84 130856
2004 Nov 20.014 - 20.486 601.766 11.3 0.35 <2124 (3)°
2005 Mar 24.673 - 25.172 726.439 12.0 0.84 139788
2005 Mar 26.667 - 27.167 728.433 12.0 0.35 <996 (¥)°
2005 Apr 9.629 - 10.129 742.395 12.0 14 16782
2005 Apr 10.627 - 11.126 743.892 12.0 2.3 5048
2005 May 14.534 - 14.919 777.242 9.2 4.8 4097
2005 May 15.531 - 15.883 778.223 8.1 8.4 <309(3)°
2005 Nov 27.993 - 28.493 974.759 12.0 4.8 1509
2005 Dec 7.004 - 8.292 984.163 13.8 2.3 1B
2005 Dec 9.000 - 10.233 986.132 12.5 1.4 8427
2006 Apr 9.637 - 10.129 1107.399 11.8 0.84 81392
2006 Apr 30.573 - May 1.072  1128.338 12.0 4.8 16572

8 The indicated time is the logarithmic average of the stadtemd of the integration.

b The measurement uncertainties are givervalel/el.

¢ A meaningful formal flux measurement at the GRB position catie determined because of confusion by a very nearby, ttsalrce.
4 Formal flux measurement at the GRB position gives2116 uJy.

¢ Formal flux measurement at the GRB position giv€8 + 103 Jy.

into the circumburst medium, the electrons in the medium apéosion, fractional amount of energy in the acceleratedimas
accelerated to a power-law distribution of Lorentz facteith and in the post-shock magnetic field, and the density and-stru
power-law indexp. These relativistic electrons gyrate in thdure of the circumburst medium. These parameters can also be
post-shock magnetic field and emit synchrotron radiatioitivh estimated, independently, by modeling the evolution ofitfter-

is seen as the afterglow of the GRB. The power-law distribgiow in the relativistic phase, but thisféers from uncertainties
tion of the electrons results in a power-law spectrum of the aelated to collimation geometry and relative orientatidrilhe
terglow. Meanwhile the shock wave decelerates as it prdpagaobserver, problems that do not plague the non-relatividtase.

into the circumburst medium. Assuming mass-energy coaserv .
tion across the shock front, it has been shown that the Lorent The broadband afterglow of GRB 030329, from radio to X-

factor of the blast wave fallsfbas a power-law with its radius, %Y fréquencies, can be modeled by the standard relataktst
wave model, assuming either a ‘double jet mooel’ (Bergetlet a

Itis expected that the decelerating shock wave becomes n@f03) or a ‘refreshed jet model’ (Resmi etlal. 2005). In bbth t
relativistic after a few weeks. Somewhat earlier, the saeswv models, the early-time optical and X-ray light curves are ex
expansion of the initially tightly collimated outflow wouladke- plained by a jet with a small opening angle-o6°. The double
come important, and by the time of the non-relativistic giion  jet model assumes a co-aligned wider jet compone@(X’) that
the shock wave becomes nearly spherical. In the non-rigitiv carries the bulk of the energy and produces the later tin# lig
phase the evolution of the shock wave can be described usugves. In the refreshed jet model, the initial jet is rergieed
the Sedov-Taylor self similar solutions. A detailed dgstion of by the central engine during its lateral expansion, reivalling
this phase can be foundlin Frail et al. (2000) (hereafter FOJKO it to a wider opening angle. This refreshed jet then produces
Observations of the broadband afterglow during this phase ahe late-time emission. Unfortunately, we cannot distislgloe-
be used to estimate various physical parameters relatdteto tiveen the two models with all the available data, includimg t
explosion, such as the amount of energy released duringcthe @ata presented in this paper.
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Table 2. Log of GMRT observations of GRB 030329.

Observing Dates AT Frequency Flux

(days)  (MHz) (mJy)
2004 Jan4.97  281.49 610 .90+0.20
2004 Feb 26.63  334.15 610 .18+0.25
2004 Apr10.49  378.01 610  .@L+011

2004 Jun 27.28  455.80 610 .0L+0.18
2004 Jun28.28  456.80 1280 .11+0.13
2004 Jul 18.31  476.83 1280 .0B+0.11
2004 Jul 20.28  478.80 610  .8%#+0.17
2004 Aug 20.04 509.56 1280 .0B+0.11
2004 Sep 06.00  526.52 610 .98+0.15
2004 Sep 17.96  538.48 1280 .48+ 0.10
2004 Dec3.00  614.52 610  .GB+0.35
2005 Jan 6.82  649.34 610  .50+0.11
2005 Feb 8.81  682.33 325 < 15(30)P
2005 Feb 13.84  687.34 1280 .90+ 0.14
2005 Feb 21.71  695.23 610  .40+0.13
2005 Mar 10.77  712.29 1280 .72+ 0.07
2005 Mar 18.66  720.18 610  .@9=013
2005Jun17.54  811.06 610 < 11(30)°
2005 Jun 28.59  702.11 325 < 18(30)P
2005 Jul 1.19 824.71 1280  .3B+0.09
2005 Sep2.99  888.51 610  .68+0.13
2005 0Oct8.20  923.72 1280 .49+ 0.09

b The measurement uncertainties are givervalelel.
b A meaningful formal flux measurement at the GRB position oalne determined because of confusion by a very nearby, ttsaghce.
¢ Formal flux measurement at the GRB position give®l@ 0.36 mJy.

After 80 days the observed radio light curves flatten, whiabf the uncertainty in the exact transition time into the non-
can be explained by a transition into the non-relativistiage relativistic phasefng, and because the value for the temporal
of the blast wave (Van der Horst et al. 2005; Resmi &t al. 200&ppe could be altered by the smoothness of the transitien, w
Frail et all 2005). It was suggested.in Van der Horst 1 alD¥20 use all the available data after 100 days at 2.3, 4.8, 8.4nil5 a
that this late-time behaviour could also be explained byira th 22.5 GHz. At 1.28 & 1.4 GHz we use all the data after 300 days,
jet-component with an even wider opening angle than the fiess the light curve at these frequencies peaks around 100Ways
two. The latter model, however, is excluded by the observiind o = 1.08+ 0.03,3 = 0.54+ 0.02 andF,, = 2.69+ 0.06 mJy.

tions below 1 GHz (see Figurd 1), which leaves the model After 100 days the peak frequency and synchrotron self-
with the non-relativistic phase after 80 days as the preterrapsorption frequency have passed through the observirdsban
model for the late-time behaviour of the blast wave. Theiseec we used for this fit, and we do not find any evidence for a

value of the time of the transition into the non-relatidgthase chromatic break, caused by the so-called cooling breakpup t
varies between 60 to 80 days because of tifeedint model- 1128 days. So in this case the spectral sigpis given by
ing methods applied by various authors. The transitionthédo (p — 1)/2, and the temporal slope is given by 3( — 7)/10
non-relativistic phase is also observed at X-ray frequesiby or (7p-5)/6, for a homogeneous and wind circumburst medium
Tiengo et al.[(2004), who estimate a transition time @4 days. respectively. The power-law indgxof the electron energy dis-
The X-ray light curve, however, is less well sampled than thfibution is thus given by2+1, and (1@+21)/15 (homogeneous
radio light curves at centimetre wavelengths, which makes tmedium) or (& + 5)/7 (wind medium). For our fitted values we
determination of the transition time uncertain. find p = 2.09+ 0.03 from the spectral slope, apo= 2.12+0.02

Because most of the GRBs occur at cosmological distanc@isemogeneous) op = 1.64 + 0.02 (wind) from the temporal
they are not bright enough to be observed at late times, andsigpe. This indicates that the circumburst medium is homoge
fact most of them fade below the detection limits much beforgeous in the non-relativistic phase of the blast wave eiaiyt
the start of the non-relativistic phase. GRB 030329, being oand that a wind medium is completely rejected in this phdse. |
of the closest GRBs, provides us with a unique example of laj@e assumes that the circumburst medium density is a pawer-|
time observations deep into the non-relativistic phaseceSthe  of the radiug with indexk, i.e. proportional ta %, the value of
first months of the radio afterglow have been extensively dik and its uncertainty can actually be calculated directlyrfio
cussed in the literature, we will focus on the late-time béha  andg: k = (5a—158+3)/(a—48+2). For our fitted values we get
of the light curves. Here we present a detailed analysis ®f th = 0.33'932, consistent with a homogeneous medium=(0);
non-relativistic phase of the afterglow. and this value is inconsistent with a wind mediukn=2) at the

50 level.

The value ofp = 2.1 is in agreement with values found by
other authors, although it does matter which data one ieslud
We investigate the spectral and temporal slopes in the nam. whether one takes only the data after 100 days or al$ierear
relativistic phase by performing a joint temporal and sp#ct data. Including earlier data gives higher valuesd@ndg, and
power-law fit of F, = Fp, - (vorz/4.86) - (taays/ 100) . Because as a result a higher value far, with a significantly higher re-

3.1. Spectral & Temporal Slopes
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Fig. 1. Modeling results of the afterglow of GRB 030329 at centiraatiavelengths. Our light curves obtained with WSRT and
GMRT are shown together with previously reported fluxes fAM8RT (Van der Horst et al. 2005), GMRT _(Resmi et al. 2005),
and VLA, ATCA & Ryle Telescopel(Berger etlal. 2003; Frail etl200%). The filled circles and squares are WSRT and GMRT
measurements respectively; the open diamonds are VLA, A&E¥le Telescope measurements; the open trianglesargper
limits. Three fits to the data are shown: the dotted line regmés a fit to the first 100 days of radio observations with aevjed
expanding in a homogeneous medium; the solid line corradgptina model in which the blast wave becomes non-relatvaster

80 days; the dash-dotted line corresponds to a model in whtbird jet-component with an even wider opening angle isgmée
The latter model is excluded by the observations below 1 @Hirgh leaves the model with the non-relativistic phaseréf@edays

as the preferred model for the late-time behaviour of thethiave.

duced chi-squared. This indicates that if one includesqfdhte days the afterglow shows a flattening of the light curve, Wwiiéc
data before 100 days, a steeper decay phase is also sammledhie start of the non-relativistic phase of the explosigp:
the jet-spreading phase. And thus our choice of fitting thta da
after 100 days is a valid assumption. The fitted spectral parameters may now be used to derive the
physical parameters of the explosion. The break frequeracid
the peak flux, estimated deep in the non-relativistic phiase,
3.2. Physical Parameters at a reference timg > tyr, can be used to yield an estimate of
the blast wave enerdyst and the ambient baryon density us-
We have used 1128 days of broadband radio observatiang the Sedov-Taylor solution for the blast wave, in the nenn
(610 MHz to 43.3 GHz) of the afterglow of GRB 030329 tadopted by FWKO0O0 for GRB970508. Two other physical param-
model the dynamical evolution of the afterglow as well as teters that determine the evolution of the radiation arergetibn
constrain the explosion energy. In Figlre 1 we compare ooirtotal energy in relativistic electronsd) and in the post-shock
model predictions with the observations. The model presentmagnetic field £g). In order to determine these four quantities,
in [Van der Horst et al. (2005), which fitted the data up to eigloine requires the measurement of four spectral parametais, t
months, perfectly fits the data up to more than three yeages afiionally the three break frequencies and the flux normadisat
the burst. In_Van der Horst etlal. (2005) values for the peek frin the late phase, however, direct determination of theiogol
guencyvm, of 35 GHz and for the self-absorption frequengy frequency is dficult, since the afterglow is not detectable at fre-
of 13 GHz were found, both measured at the jet-break time gfiencies above radio bands. We therefore express the physic
10 days; the flux aty, at that time was 61 mJy. After about 80parameters as a function of the ratio= e./eg; & = 1 would
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signify an equipartition of energy between the magnetid#eld &, close to unity, is an equation of state-dependent noraralis

the relativistic particles. tion factor for the blast wave radius (FWKOQ), represents the
Following Eq. (5) of FWKO00, we may then write the postmass fraction of hydrogen in the circumburst medium, and may
shock electron number density as nominally taken to be 0.75.
Evaluating spectral parameters from the fitted model, one
3 p-2 BE 1 finds, at a reference ting = 500 daySymocHz = 2.56x 1073,
N=e\ 077 Bryome (1) etz = 0.498 andFmomyy = 284. Usingz = 0.1685 for

GRB030329 and the fitted value pf= 2.1, one then estimates
We insert this in Eq. (A12) of FWKO0O0, and invert their

Egs. (A10) to (A12) while making use of the relations (A6) to ol &\
(A8). This yields the following set of expressions forthe R@p  Est = 2.6 107" erg _— ©)
model parameters: 0.41
217 (3 17 n = 0.35cnTs (i) (10)
Yo = 883d§g17(i) (—2] o
110 fa Sosay3a The blast wave radius at 500 days works out torge =
Pt 0.49(;/n10) % pc. The corresponding post-shock magnetic
> 312/17 [ YmoGHz 117 eer/1o
-[(p— 2y (p+2) ] (m) Fmamay () field is By = 0.036(+/110)"%% G, and the lower cutd of
16/17 2117 117 the electron Lorentz factor distribution at that timeyig =
r 1.407x 1018 cm d28 1710 / f27 5.5(8r/7710)0'12. These yieldee = &EB = 0.085(9r/7710)0'24.
o=1 zan=y =8
1+2\ & f3
1/17 ; ;
J(p+2) M ooy ~7(p+4)/348/17 (3) 4. Discussion
(p _ 2) mO,GHz VaQGHz mo,mJy . . . .
The data presented in this paper give an unprecedented ¥iew o
, - (1+2) (o) ( f5 217 the non-relativistic evolution phase of a GRB blast wave, be
Bo = 4.58x 107G — (8—) (ﬁ] cause of the wide range covered in both frequency and tinie. Th
dg r 2 gives us the opportunity to compare the physical paramttats
[ (0= 2)(p+ 2)6]—1/17 L(6-3)/17, 3(p+4)/17-~2/17 4) we have derived from the very late-time data with the physi-
mOGHz "a0GHz  © mOmJy cal parameters derived from the early-time data, when tast bl
069cnm® (1+22( &\ 1) wave was still extremely relativistic. From the emerginygh
n = T X 07 (—) FE] cal picture we put constraints on the emission from the aaunt
H 28 120 2 jet, and we compare our findings with the results from VLBI
1 (p-2)7 1 (B-150)/34 1SGH4E 517 () measurements of the source size evolution.
(p _ 1) (p + 2)15 mO,GHz aQGHz mo,mJy

. . . 4.1. Relativistic versus Non-Relativistic
In the abover is the radius of the blast wav8y is the post-

shock magnetic field, ang is the lower cuté of the power-law In Section[3.P we calculated the total energy in the blastewav
distribution of relativistic electron Lorentz factors| at the ref- Est and the density of the circumburst mediumnas functions
erence timdg. From these, the blast wave energy may be corof the ratios; = &¢/eg, assuming that the blast wave was in

puted as: its non-relativistic phase. These parameters are detedriim
) 5 Van der Horst et all (2005) in the relativistic phase as fiomst

o (1+2\ (1o of the cooling frequency, adopting = 10'® Hz. We calculate

Est = nimp Tt E (6) the energy and density in the relativistic phase as funstadn

better way to compare the parameters in the tui@mdint
70/17 2/17 ; £20,\1/17 &r, a
_ 8576x 107 erg dyg (i) (fi] (P+2) phases. Since the valuesaf= 0.25v;} andeg = 0.49v_3;" in
L+ X, (1+2 \mo ) (p-1) Van der Horst et 4l (2005) indicate near-equipartitioe, val-
5 3117 (10p-11)/17. ~10(p+4)/1735/17 ues for the density and energy do ndfeii much from the values
' [(p ~2)(p+2) ] YmogHz  YaaeHz - Fmamyy (V) obtained theren, = 0.78x&Y2cm 3, Eriso = 2.6x 10°1xsY® erg

dE cor = 3.4 x 10°° x &% erg, the latter being the beaming-
In Eq. ) throughl{l7)yaachz andvmocrz are the two break fre- &N Er.cor r erg,
quencies, in GHz unitg, at the reference time: toq days. The Corrected energy. 'Zl'/ge cooling frequency can be found to be
expressions assume thabe, > vmochz Which is indeed the ve = 1.6 x 10% x &~ Hz, vaslldatlng the assumptions in pre-
case in GRB030329 at these late tim@gomyyis the normalisa- Vious studies omc being~ 10** Hz at 10 days.

tion of the flux at an observing frequeneys v, vin, expressed ~ We find that the density derived in the non-relativistic ghas
as is a factor of two smaller than the density derived in the-rela

tivistic phase. The beaming-corrected enelfgy,,, however, is

a factor of~ 7 times smaller than the total ener§y¢r in the
(8)  blast wave derived from the non-relativistic evolutioraiFet al.

(2005) modeled the first year of observations with the VLA and
zis the redshift of the burst artlig the corresponding luminosity ATCA, and found a total kinetic energy of®x 10°° ergs;
distance. The thickness of the post-shock emitting regi@mg using only the data before 64 days they derive an energy of
time is assumed to bign, wherer is the radius of the blast wave 6.7x10°° ergs (see also Berger eflal. 2003), a factor @flarger
andn = 10n10. f» andf; are integrals over the synchrotron functhan ourk, cor; and using only the data after 50 days, to obtain
tion defined in FWKO0O; both are functions pf The quantity an estimate foEsr, they find an energy of.8 x 10°° ergs, a

Ymo

v -(p-1)/2
Fv(t = tO) mly = I:mO,m.Jy( )
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factor of~ 4 smaller than our value fdEst. In these models the 3 years after the burst (which was also noted, with obsemati
range for the circumburst density 4s 1 — 3cnT3, a bit larger up to 2 years after the burst, by Pihlstrom et al. 2007).
than our values. Granot et al. (2005) also determine theggner The apparent discrepancy between the predictions for the
and density with their models, and find a similar value for theounter jet and the observed light curves can be explained
collimation corrected energy as we do. Their value for the-deby looking carefully at the assumptions. The calculatiogs b
sity is, however, an order of magnitude larger, but they tioaé [Li & Song (2004) are valid for those observing frequencies at
this can be attributed to the fact that the density depemndlsgy which the light curve peaks when the blast wave is still ultra
on the precise value of andvy,. relativistic and narrowly collimated. This means that ih caly
Given the diferences in the methods used byfelient au- be applied to the light curves at 8.4 GHz and higher frequenci
thors and the uncertainties in the assumptions made toastinAdopting our value fotyg of 60-80 days, this would mean that
these numbers, they can all be considered to be compargiBle.the 8.4 GHz light curve has to rapidly increase to a peak of 1-
not possible to make any definite statements about signific&mJy at 300-400 days (6tngr). This is not observed, although
differences in energies derived from the relativistic and noitis hard to make definite statements about this, since there
relativistic phase. If, however, the somewhat larger estitnof only observations up to 360 days.
the total energy in the non-relativistic phase is indeed,ttiaen The light curves at 2.3 GHz and lower frequencies are not
two possible explanations may be advanced for this: eitier texpected to show this kind of re-brightening, because tleakp
beaming correction in the relativistic phase is too strajiging at or aftertyg. This results in a flattening of the peak to a width
a too small value for the beaming corrected energyEeris of 2 x tyg. Looking at the low frequency light curves this could
over-estimated because of non-isotropy in the emissiorir@pmbe the case, although the scatter in the data is too largeke ma
from the blast wave in the non-relativistic phase. In théetat any quantitative statements about this.
case it could be that the blast wave is not completely sphleric The best constraints on the counter jet could come from the
yet, but still the evolution is well described by the Sedaidr 4.8 GHz light curve. Following Li & Song (2004) the flux at
solution; or that the blast wave is spherical, but the emisg@ 300-400 days has to increase to 4-6 mJy, while the measured
not coming from the blast wave isotropically. In both sitaas flux at that time is 6 — 0.8 mJy. This means that the observed
the value ofEst that we derived would be an over-estimate diux coming from the counter jet is suppressed by a factor of
the true value. ~ 8, while at 8.4 GHz the limit was a factor ef 4. The flux
The energies that we and Frail et al. (2005) derive indicat®m the counter jet, however, is probably lower than that pr
that our estimate of the relativistic beaming and the assiomp dicted by Li & Song|(2004), because, especially at 4.8 GHz, th
that the blast wave becomes spherica attyg are valid. The light curve peaks later than the jet-break time. This mehas t
latter is important for testing the models that describeldte the two jets, which already have quite a large opening anigle o
eral spreading of the collimated outflow after the jet-briiade, ~ 20° to start with, cannot be treated as two narrowly collimated
when the Lorentz factor drops below the inverse of the haldutflows anymore because of lateral spreading of the jet.
opening angle of the jet. Some (semi-analytical) modelg. (e. Concluding, we cannot say, from the light curves presented
Rhoads 1999) assume a very rapid sideways expansion ot théngre, whether we have seen emission from the counter jetor no
with a lateral expansion velocity of the order of the velpaf The fact that we do not see a late-time re-brightening at high
light, resulting in an exponential growth of the jet halfeming radio frequencies could be due to the fact that the outfloveis n
angle with radius. Hydrodynamical simulations, howeviegvg very narrowly collimated. A flattening of the peak of the ligh
a very modest degree of lateral expansion as long as the jetusves at low radio frequencies, caused by the emissionrpmi
relativistic (for an extensive review, see Granot 2007jhimlat- from the counter jet, could be present, but the scatter inléte
ter model the outflow is still strongly collimated when thadil prevents us from drawing any firm conclusion regarding this.
wave becomes non-relativistic, while the first model predicat
the blast wave is (almost) sphericatat tyg, which is favoured
by our analysis, since there is no significant change in teaipo

slopes well aftetyr. VLBI observations of GRB 030329 make it possible to study
the image size of the afterglow. The full set of VLBI mea-
surements up to 806 days after the burst has been presented in
Pihlstrom et al.[(2007). Granot et al. (2005) have disadisbe

It is expected that there are two collimated outflows formied enplications of the measured image sizes up to 83 days after
the collapse of a massive star: two jets pointed away frorh eabe burst, which have mainly remained the same after includ-
other. When the counter jet becomes non-relativistic, thise ing the latest measurements. They conclude that a homoggneo
sion is no longer strongly beamed away from.us. Granot & L ogbedium gives a better fit to the image size evolution thanla ste
(2003) predicted a re-brightening in the radio light curwd®en lar wind environment, although it is hard to rule out thedatt
that occurs, although it would befficult to detect in the case due to the measurement uncertainties. Furthermore, thegp tr

of GRB 030329. Li & Songl(2004) calculated that the observaxbnstrain the amount of lateral spreading, i.e. whethelatieeal
time at which the counter jet becomes non-relativistic isries  expansion velocity is of the order of the velocity of light,tbat
larger tharniygr, because of light travel timeffiects. They claim there is hardly any lateral spreading until the blast wawelres
that the observed flux coming from the counter jet at that tinsib- or non-relativistic. This is, however, hard to coristragain

is comparable to the flux of the jet coming towards ug\@at because of the uncertainties in these source size measusgeme
This results in a rapid increase in flux with a peak at &R, An important parameter that comes out of the VLBI studies
and after the peak the light curve declines steeper tharrdefis tyg./Granot et al. (2005) and Pihlstrom et al. (2007) claim that
the rapid increase until it relaxes to the original lightvmibe- tyg ~ 1 year from looking at the evolution of the apparent ex-
haviour.[ Li & Song 1(2004) predicted such a feature in the rgansion velocity, and from theoretical model fits to the seur
dio light curves of GRB 030329 at 1.7 years after the burst. size evolution. The models in which there is rapid laterglaax
From Figurél, however, it is clear that this is not obseryetbu sion, their model 1fng ~ 1 year is indeed obtained, but the

4.3. Source Size Evolution

4.2. Counter Jet Emission
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jet-break time in that case is found to bel month instead of

10 days (e.qg., see Figure 4|of Pihlstrom et al. 2007). Sinee t 1000
jet-break time is quite well determined from the light cusyihe

value oftygr in this model 1 is rather uncertain. The models in 100 ? Ny
which there is no lateral expansion until the blast wave b~ roooveeeiieiinnns T A T N e N
non-relativistic, their model 2, the non-relativisticrisition ac- 10
tually happens at 60-80 days after the burst; the blast weare t
becomes spherical on a time scale of 1-3 years. So the fits of
model 2 do indeed indicate a valuetgg ~ 60— 80 days.

From the evolution of the average apparent expansion ve- ‘ ; ;
locity the value oftyg can also be deduced. The uncertainties qgq
and correction factors in deriving the average velocity dise
cussed thoroughly in Pihlstrom et &l. (2007). From thegure
3 it seems that the transition happens @00- 200 days, when
the average apparent expansion velocity i times the speed
of light. The uncertainties in the correction factors apg)ihow-
ever, make it hard to state that this is significantly highantthe
value oftyg that is deduced from the light curves. The issue that 1
still remains, is that the value dfr that various authors have
estimated from energy considerations is a factor of a fevudrig
than 60-80 days (e.q. Granot et al. 2005; Van der Horst et al. 1000
2005). This is, however, a very rough estimate, and a discrep
ancy within a small factor should not be regarded as distgrbi 100
In conclusion, the value dfr determined from the VLBI source
size measurements is not at significant odds with the valtygof 10
derived from light curve studies.
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4.4. Low Frequency Array ‘ =

. . 10 100 1000 10000
From our analysis of the broadband radio afterglow of Time (days ofter burst)

GRB 030329 we can calculate predicted light curves for futur
radio telescopes operating in the metre wavelength reghse. Fig. 2. The predicted light curves of GRB 030329 at three fre-
an example we explore the possibilities for the Low Fregyenguencies within the LOFAR observing range. The solid line
Array (LOFAR) to detect the GRB 030329 afterglow and otheand dash-dotted line correspond to the two models shown in
GRB afterglows. Figure[1; the dashed line shows the predicted light curve of
LOFAR will be a major new multi-element, interferomet-GRB 030329 when situated at a redshift of 1 instead of 0.16.
ric, imaging telescope designed for the 30-240 MHz freqyendhe horizontal dotted lines are theolsensitivity limits after
range. LOFAR will use an array of simple omni-directional ard hours of observing with a bandwidth of 4 MHz. It shows that
tennas, whose electronic signals are digitised, transgdd a it is quite feasible to detect GRB afterglows similar in trigess
central digital processor, and combined in software to ateul to that of GRB 030329 with LOFAR on timescales of months to
a conventional antenna. LOFAR will have unprecedentedserdecades; and that fainter afterglows can also be detected af
tivity and resolution at metre wavelengths, and will be thstfi long integration times.
of a new generation of radio telescopes to become fully oper-
ational, i.e. in early 2009. This sensitivity and resolatiwill
give the GRB community the opportunity to study bright afters conclusions
glows on even longer timescales than with observationsrat ce
timetre wavelengths. For a concise description of LOFAR aWle have presented a detailed study of the late-time radio af-
the Transients Key Project, in which GRBs are among the prirterglow of GRB 030329. We have obtained measurements with
targets, see Rottgering et al. (2006) and Fender ét alfj200 the WSRT and GMRT, spanning a spectral range of 325 MHz-
The fact that our early-time model calculations fron8.4 GHz and a temporal range of 268-1128 days after the burst.
Van der Horst et al.[ (2005) gave such good predictions for tke@mbined with all the already published radio observatioins
late-time behaviour, in particular at observing frequeadielow this afterglow, from WSRT, GMRT and other large radio tele-
1 GHz, gives us confidence to extrapolate the modeling iesi8topes, we have studied the physics of the blast wave in the no
of the radio afterglow of GRB 030329 to the LOFAR obserwelativistic phase and compared these results with thasa fr
ing range, see Figufd 2. The predicted light curves show tisitidies of the relativistic phase. The well-sampled latestight
GRB 030329 will be observable in the high band of LOFARuUrves made it possible to determine the index of the eleene
(120-240 MHz), but not in the low band (30-80 MHz). The lighergy distribution accurately, and to confirm that the cirbwnst
curves are expected to peak in 2009, when LOFAR will be fullppedium is homogeneous.
operational, and even later going down from 240 to 120 MHz; The energy of the blast wave and density of the circumburst
the expected peak flux is 0.3 — 0.4 mJy in the LOFAR high medium, determined from the non-relativistic evolutiontioé
band. We also calculated light curves for GRB 030329 if iteveiblast wave, are comparable to findings by several studiesdbas
situated at a redshift of 1 instead of 0.16. The resultingté&i on earlier time observations. We have shown that the blagt wa
afterglow can also be detected, although with longer iatiégm is spherical, or almost spherical at least, at the time tieabtast
times, i.e. on the order of a day instead of an hour. wave becomes non-relativistigjir ~ 80 days. In contrast with
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some predictions, a radio re-brightening due to the coyater van der Horst, A. J., Rol, E., Wijers, R. A. M. J., et al. 20057634, 1166
becoming non-relativistic, is not observed. The existenfca Vanderspek, R., Crew, G., Doty, J., et al. 2003, GCN Cire)2897, 1
counter jet cannot be ruled out, since it is possible thapteks Viers. R-A. M. J., Rees, M. J., & Meszaros, P. 1997, MNRAS, a1
of the light curves at low radio frequencies are flattenedtdue
this counter jet. We have also shown that the high-resaiutio
VLBI measurements of the afterglow image size are in agree-
ment with our light curve studies. In particular, the valdieng
derived from modeling the image size evolution does not dif-
fer from our findings significantly within the measuremendlan
modeling uncertainties.
The afterglow of GRB 030329 will be followed-up at ra-
dio frequencies for many years to come. The current brigistne
and the fact that the flux drops logarithmically, make it poss
ble to continue studying this afterglow for the next decatle a
least. VLBI capabilities will increase significantly in theming
years, so the image size evolution can also be observed. A new
generation of radio telescopes will also be able to obsdrige t
afterglow. The first one of this new generation to come oe-lin
is LOFAR, which will be able to detect GRB 030329 at metre
wavelengths. Besides this extremely bright afterglow, AQF
will also be able to study many afterglows at frequenciesand
timescales that so far have been unexplored.
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