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Abstract Swift GRB 100418A is a long burst at= 0.624 without detection of any
associated supernova (SN). Its light curves in both the pt@and afterglow phases
are similar to GRB 060614, a nearby long GRB without an assediSN. We ana-
lyze the observational data of this event and discuss thailderigins of its multi-
wavelength emission. We show that its joint light curve ae¥ kderived fromSwift
BAT and XRT observations is composed of two distinguishemponents. The first
component, whose spectrum is extremely sbft=f 4.32), ends with a steep decay
segment, indicating the internal origin of this compon@&hie second componentis a
slowly-rising, broad bump which peaks-at10° s post the BAT trigger. Assuming that
the late bump is due to onset of the afterglow, we derive titialih.orentz factor (")

of the GRB fireball and find that it significantly deviates frahe relation between
theT'y and isotropic gamma-ray energy derived from typical GRBs. af¢0 check
whether it follows the same anti-correlation between Xdtayinosity and the break
time observed in the shallow decay phase of many typical GRB&ch is usually
regarded as a signal of late energy injection from the GRBrakangine. However,
we find that it does not obey this correlation. We propose tivatiate bump could
be contributed by a two-component jet. We fit the second carepowith an off-axis
jet model for a constant medium density and find the late buamphe represented
by the model. The derived jet half-opening anglé.i¥) rad and the viewing angle is
0.315 rad. The medium density 505 cm—2, possibly suggesting that it may be from
a merger of compact stars. The similarity between GRBs 06@61 100418A may
indicate that the two GRBs are from the same population amtate bump observed
in the two GRBs may be a signal of a two-component jet poweyatid GRB central
engine.
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1 INTRODUCTION

Phenomenologically, two types of gamma-ray bursts (GRBsg been classified according to their
observed burst duratidfy, based on observations with CGRO/BATSE (Kouveliotou et 893).
Recent progress made by tBeift mission presents several lines of evidence that burstidaret
no longer a reliable indicator for GRB classification (Zh&§6; Zhang et al. 2007, 2009; LU et al.
2010; Xin et al. 2011). The most prominent case is GRB 060&hi;h is a long GRB at redshift
z = 0.125. Itis surprising that no supernovais associated with teaby long GRB (Gal-Yam et al.
2006; Gehrels et al. 2006; Della Valle et al. 2006; Fynbo e2@06) as seen in other nearby long
GRBs 980425, 030329, 031203, and 060218 (Galama et al. £§68h et al. 2003; Stanek et al.
2003; Modjaz et al. 2006; Pian et al. 2006), leading to debatthe physical origin of this event,
i.e. collapse of a massive star (Type IlI) or merger of a comptae binary (Type 1) (e.g., Zhang
2006 and reference therein). Some intrinsically shorgtion, highz GRBs, such as GRBs 080913
(z = 6.7; Greiner et al. 2009) and 090423 8.3; Tanvir et al. 2009; Salvaterra et al. 2009), and a
typical short-duration high-GRB 090426 (Levesque et al. 2010; Xin et al. 2011) suggetstmae
short duration GRBs are probably not produced via compactrsergers (Type ), but are likely
related to massive stars (Type I1). Virgili et al. (2011)feemed a series of Monte Carlo simulations
and showed that the compact star merger model cannot iatdypth theSwift known- short GRB
sample and th€GRO/BATSE short GRB sample. Zhang et al. (2009) attempted tokewa set
of multiple observational criteria to judge the physicaegpry of a GRB, and gave an operational
procedure to discern the physical origin of GRBs. Based aeted gamma-ray energii(,) and
peak energyk,) of the vF,, spectrum of prompt gamma-ray emission, Ll et al. (2010defia
parametet = EiSO/E;;Z, and proposed a new empirical classification method thatisd to better
match the physically-motivated Type 1l/I classificatiolneme. They showed that the typical Type
Il GRBs are in the highegroup, in contrast to the typical type | GRBs, which belongh® low<
group. The non-detection of any SN associated with GRB 06@#do motivated ideas that it may
have an essentially different physical origin from both Tiype | and Il, such as a stellar object
disrupted by a medium-mass black hole (Lu et al. 2008). 080i& GRBs are of interest to study
the physical origin of these kinds of events.

GRB 100418A interestingly triggered Swift/BAT. It is quitémilar to GRB 060614, possi-
bly adding a valuable case for such kinds of events. This pppEsents a detailed analysis of
this event and compares it with GRB 060614, hence discugsisgible physical origins of the
multi-wavelength emission of this event. Throughout, acomdance cosmology with parameters
Hy=71kms ! Mpc™!, Qy = 0.30, andQ, = 0.70 is adopted.

2 DATA
2.1 Prompt v-Rays

GRB 100418A triggered th8wift satellite on 2010 April 18 al;, =21:10:08 UT. The BAT light
curve shows two overlapping peaks startinG@at 10 s, peaking af + 2 s, and ending dfy +40s.

Its Ty is 7+1 s in the 15-350 keV band, with weak extended emission upughly 40 s post the
BAT trigger (Ukwatta et al. 2010). The time-averaged speuotfrom7y — 1.1s to 7Ty + 7.8s is
best fit with a simple power-law model, yielding a power lavofan index ofl’ = 2.16 + 0.25.
Although its E}, cannot be measured directly from the observed BAT spectauphoton index of
2.16 is very close to the typical high energy photon indexn@e et al. 2006), indicating that,
would be lower than 50 keV. Using tlie- £, relation (Zhang et al. 2007; Sakamoto et al. 2009) and
Bayesian methodology (Butler & Kocevski (2007)) one mayaabfs, = 291“37 keV. The fluence

in the 15-150 keV band i§3.4 & 0.5) x 10~7 erg cnm 2. The 1-second peak photon flux measured
from T, + 0.47 s in the 15-150 keV band is H®.2 ph cnt? s~1. Assuming that the low and high
energy band spectral indices aré and—2.3, one can geE,, and the peak luminosityl(, is,) in
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the 1 — 10* keV band that ar@.915% x 10°° erg and2.1 5 x 10° erg s!, respectively, with
redshiftz = 0.624 (Marshall et al. 2011).

2.2 Afterglows

The XRT began observing the field of GRB 100418A at 79.1 s dfterBAT trigger. We use the
web-based analysis systenhétp: //mww.swift.ac.uk/ for XRT data analysis. Details of the system are
available in Evans et al. (2007). It is found that the XRT tighrve starts with a steep decay segment,
then transits to a smooth bump peaking-at0’ s post the GRB trigger. The spectrum of the early
steep decay phase is extremely soft. It can be fit with an hbsgnower-law. The derived photon
index isT' = 4.32%0-2% and the intrinsic column density of the host galaxyig = (2.1 =+ 0.4) x
102* cm~2 over the Galactic absorption.§ x 102° cm~2). The C-stat of the fit is 206 in 206
degrees of freedom. The late X-ray spectrum, accumulatéteiperiod of~ 103 — 10° s post the
GRB trigger, however, is similar to that observed in typiG&Bs (Liang et al. 2007), which can be
fitted with an absorbed power-law with a photon index'of 2.0415-2: and an intrinsic absorption
of Ny = (1.79792%)x 102! cm~2. The C-stat of the fit is 119 in 131 degrees of freedom. No
significant difference ofVy is found in the early or late epochs.

The optical afterglow was detected in the whitex andw filters (Siegel & Marshall 2010).
Optical data are collected from GCN circulars. They are motected for the Galactic extinction
corresponding to a reddening 8f_y = 0.07.

3 JOINT TEMPORAL ANALY SIS OF PROMPT AND AFTERGLOW EMISSION

In order to present a global view of the multi-wavelengtheskiations for GRB 100418A, we show
its joint light curve in X-ray (at 1 keV) derived from BAT andRJ observations and the optical
light curve in theR band in Figure 1(a). The X-ray light curve is composed of tustidguished
components, but the optical emission was only detectedv@sécond component. The optical light
curve traces the X-ray one for the second component. Theljght curves for GRB 060614 are
also shown in Figure 1(a) for comparison. It is interestimaf tIGRB 100418A is almost a mimic of
GRB 060614. Although the luminosities of the first composeftthe two GRBs are comparable,
the luminosity of the second component of GRB 100418A is aderof magnitude higher in the
X-ray band and almost two orders of magnitude higher in thialband than that of GRB 060614.
The X-ray light curve and the optical light curve are fit withveo-component smooth broken
power-law model and one-component broken power-law madspectively. Each component is

characterized as
" wan " wagq —1/w
r=nl(i) +(5) ] 2
ty, ty,

We fix w = 3 in our fitting. The fitting results are shown in Figure 1(b) aradle 1. It is found that
the rising phase of the second component is shallower ttaruttually observed in typical GRBs
(Liang et al. 2009), and the decay segment of the first compasenuch steeper than that of the
second one.

Table 1 Best-fit Parameters of X-ray and Optical Lightcurves for GRB418A

Fy th ai a9 x2/(dof)

(ergenT2s71) (10* s)
BAT+XRT (0-1200 s) (4.1940.54) x 1078 (26 £5) x 1072  -0.52:0.09 4.18-0.18  143/89
XRT (1200 — 107 s) (3.25 £ 0.68) x 10713 8.96+2.24 —-0.26-0.11  1.64:0.12 36/42

RBand (1200 — 107 s)  (1.38 +0.06) x 10712 3.36+0.20 -0.82:0.14 1.310.12  492/312
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Fig.1 (a) The X-ray light curve at 1 keV derived from the BAT and XR@servations and th&
band light curve of GRB 100418A in comparison with GRB 0606b4 Best fits to the light curves
of GRB 100418A with a two-component smooth broken power#aodel (lines).

4 POSSIBLE PHYSICAL ORIGINSOF MULTI-WAVELENGTH EMISSION
4.1 The Prompt Gamma-rays

As shown in Figure 1(b) and Table 1, the steep decay afterehk pme (. = 4.18 £+ 0.18) and
extremely soft X-ray spectrunt’(= 4.32f8:§§) of the first component indicate that this component
may not originate from external shocks. The early steepydsegment observed in the XRT band
could be contributed by the tail emission of the prompt garnays due to the time-delay of the
photons from the high latitude of the GRB fireball, as is ulyusgen in some typical GRBs (Liang
et al. 2006; Zhang et al. 2007, 2009).

4.2 The Afterglows

The second component slowly rises and peaks dt0® s post the GRB trigger. This component
was also detected in the optical bands. The decay slope p@gieak ¢ = 1.64 + 0.12) and
spectral index/§x = 1.13) are consistent with the closure relation of the GRB fireipalhe spectral
regimerv,, < vx < v, i.e.ay = 30x/2, wherer,, andv, are the typical frequency and the
cooling frequency of synchrotron radiation respectiv&gr{ et al. 1998; Zhang & Mészaros 2004),
generally favoring the external origin of this component.

Some models predict a smooth bump in the afterglow light esirhe early bump usually
observed in the optical light curves is believed to be dué¢odeceleration of the GRB fireball by
the surrounding medium (Sari & Piran 1999). In this scenasite can derive the initial Lorentz
factor ['y) of the GRB fireball in the thin shell case with (Sari & Piraro®9

3E 1/8 E Ve
Ty =2 iso ~ 193 -1/8 180,52 2
0 {327Tnmpc5ntg)z] () . t?ﬁ,z,Q 7 @

wheren is the medium density surrounding the burst (in units of én is the ratio of the., ;s

to the total kinetic energy of the GRB fireball, afyg, = ¢, /(1 + z) is the peak time in the cosmo-
logically local frame. Notatiod),, denote)/10™. Liang et al. (2010) discovered a tight correlation
betweer'y andE;,. We test if the origin of the bump in GRB 100418A is due to thealeration of
the GRB fireball. We derive itE, with Equation (2) and obtaifiy = 24 + 2 by takingn = 1 cm™3



Multi-wavelength Emission of GRB 100418A and Implications 415

1000

50 ~ ‘
49 (b) |
‘Tw 48 4
o
.
o 47 4
[ © 100 N
Z 46 4
O) \\\
kel 45 1004188 "~
- 100418A oe06t4 1L
44 + T N
—%— 060614
10 ! . : ! . 43 ‘ ‘ ‘ ‘ ‘ ‘ ‘
13 0.01 0.1 152 10 100 1000 15 20 25 30 35 40 45 50 55
Ey,iso(10 erg) log (£ /s)

Fig.2 Tests for the physical origin of the late bump of GRB 100418khvempirical relations
observed in typical GRBs: (a) relation b, to E;s, taken from Liang et al. (2010); (b) relation
between the peak time (or break time) and the correspondingyXuminosity of the GRBs with

a canonical XRT light curvesflid dots, from Dainotti et al. 2010). The lines are the best fit to the
correlation at a confidence level of 90%. GRBs 060614 and 118A4re marked with stars.

andn = 0.2. TheI'y is much lower than typical GRBs (Liang et al. 2010). SimitacxRB 060614,
it is a significant outlier of the tighk;s, — I'y correlation, as shown in Figure 2(a).

The second possibility is the long-lasting energy injattedfect. Assuming that the energy
injection behaves ab;, = Lo(t/ty,) %, we haveay = (¢ — 1) + (¢ + 2)0x/2 and getg ~ 0.1,
being roughly consistent with the energy injection from asgpown magnetarg ~ 0; Dai & Lu
1998; Zhang & Mészaros 2001; Xu et al. 2009). A canonical XiBht curve is detected for most
typical GRBs, and its shallow decay segment is generallsistent with the expectation of the
energy injection models (e.g., Liang et al. 2007). Dainettal. (2010) derived a relation between
the break time of the shallow decay segment and the corrdsppX-ray luminosity. Recently, Xu
& Huang (2011) discovered a tight correlation among the lbteae, the X-ray luminosity, and
the isotropic gamma-ray energy release. We also examinBE G00418A is consistent with these
relations. We find that it is an outlier of thex — ¢, relation at the 90% confidence level, similar to
GRB 060614, as shown in Figure 2(b). The derivedfrom the relation by Xu & Huang (2011) is
~ 5 x 10* erg s7!, being smaller than the observed one by a factor of 2.

A smooth bump feature may also be explained by the linegtitgffect (Panaitescu & Vestrand
2008; Guidorzi et al. 2009; Margultti et al. 2010). This re@gaithat the GRB jet is uniform with a
sharp edge, and the line of sight is outside the jet cone. fthegbow peak then corresponds to the
epoch when thé /T beaming cone of radiation enters the line of sight, and thaswedr is not
the initial Lorentz factor of the ejecta, but is the Lorerdaetbr defined byd, — 6;) = 1/T', where
0, andd; are the viewing angle and the jet half-opening angle, rai@dy. It predicts that the rising
index of the light curve is very steep, say, ~ (3 — 4) (Panaitescu & Vestrand 2008). However, the
rise can be slow if the deviation of the line of sight from teeqone is small. The line-of sight effect
alone could not explain the prompt emission, the early stieepy, or the late bump feature of GRB
100418A.

Another possibility to explain the second component maywamedomponent jet models (e.g.,
Granot et al. 2006; Racusin et al. 2008; Liang et al. 2009;dehi & Tsutsui 2010). As shown by
Huang et al. (2004), a co-axial two component jet model magrjmet the late optical rebrightening
in GRB 030723. The inner narrow jet component produces tbhenpt gamma-rays and the early
afterglow, and the wide hollow jet component is respondibie¢he late afterglow. Liu et al. (2008)
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Fig. 3 Numerical fit to the optical (panel a) and X-ray (panel b) tighrve of the second component
of GRB 100418A with the afterglow model by Huang et al. (2000)

argued that another off-axis jet component powered by l&teity of the GRB’s central engine after
the main burst may contribute to the late rebrightening asvelin GRB 060206. Considering a jet
that consists of an on-axis narrow and initially highly tielistic outflow from which the prompt
emission originates and a late off-axis moderately rekttos outflow that decelerates at a signif-
icantly later time and contributes to the late afterglowu(kett al. 2008), we fit the late X-ray and
optical bump of GRB 100418A accurately with the numericaldeloof Huang et al. (2000) by
taking into account synchrotron-self-Compton coolinglet&ons.

Figure 3 shows our fit to the data with the following model paeters: isotropic kinetic energy
FEyiso = 10°® erg, ISM number density. = 0.05 cm™3, jet half-opening anglé; = 0.30 rad,
viewing angled, = 0.315 rad, electron energy fraction = 0.15, magnetic energy fractiorg =
10~4, and electron energy distribution indgx= 2.2.

5 CONCLUSIONSAND DISCUSSION

We have made temporal and spectral analyses of GRB 100418Ashaiv that the X-ray light
curve is composed of two distinguished components. Thedinstponent ends with a steep decay
segment, indicating that it is consistent with the interoi@gin. The late component is a smooth
bump peaking at- 10° s post GRB trigger. This component s also detected in thealjtands. The
possible physical origin of the second component has besmusied. We show that a late off-axis
jet component with parametetsy, i, = 10° erg,6; = 0.30 rad,n = 0.05 cm™3, 6, = 0.315 rad,

e = 0.15, eg = 1074, andp = 2.2, can accurately fit the late hump of the afterglows.

No detection of any supernova associated with the nearlgy®RB 060614 resulted in debate
on the physical origin of this event, i.e. collapse of masstars (Type II) or merger of compact
stars (Typel) (e.g., Zhang 2006 and references therein® BR418A is at a reshift of 0.624. Deep
optical monitoring did not find any signature of SN light iretlate optical light curve as seen for
most GRBs at < 1 (see Zeh et al. 2004 for a full sample before the Swift era} ftossible that
both GRBs 060614 and 100418A may be from a subclass of longsGRfBout an accompanying
SN. Itis interesting that the temporal features of this ¢aea similar to GRB 060614.

The circumburst environment is also critical to understagdhe nature of a GRB (e.g., Xin
etal. 2011). Two types of media are discussed in the litegahamely, an interstellar medium (ISM)
with a constant density and a stellar wind with a density fEofic »—2. A wind type of medium
would undoubtedly indicate a massive star progenitor gsmergers of compact stars usually occur
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at the outskirts of galaxies. A low-density medium is evicefor a burst from the merger of compact
stars. We gotr = 0.05 cm~2 in our model fit to the second burhpThis favors the scenario of a
merger of compact stars as the progenitor of this event. Mekyavith the classification method
proposed by L et al. (2010), GRB 100418A is classified ihi Type Il group (logs = —0.57)
and GRB 060614 is marginally in the Type | group without cdesing its long extended emission.
These results make it difficult to know the progenitors ofthkinds of events. We should point out
that one cannot confidently exclude the possibility thattiebursts may essentially have a different
physical origin from both Type | and Il, such as a stellar abjgeing disrupted by a medium-mass
black hole (Lu et al. 2008).
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