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Abstract Swift GRB 100418A is a long burst atz = 0.624 without detection of any
associated supernova (SN). Its light curves in both the prompt and afterglow phases
are similar to GRB 060614, a nearby long GRB without an associated SN. We ana-
lyze the observational data of this event and discuss the possible origins of its multi-
wavelength emission. We show that its joint light curve at 1 keV derived fromSwift
BAT and XRT observations is composed of two distinguished components. The first
component, whose spectrum is extremely soft (Γ = 4.32), ends with a steep decay
segment, indicating the internal origin of this component.The second component is a
slowly-rising, broad bump which peaks at∼ 105 s post the BAT trigger. Assuming that
the late bump is due to onset of the afterglow, we derive the initial Lorentz factor (Γ0)
of the GRB fireball and find that it significantly deviates fromthe relation between
the Γ0 and isotropic gamma-ray energy derived from typical GRBs. We also check
whether it follows the same anti-correlation between X-rayluminosity and the break
time observed in the shallow decay phase of many typical GRBs, which is usually
regarded as a signal of late energy injection from the GRB central engine. However,
we find that it does not obey this correlation. We propose thatthe late bump could
be contributed by a two-component jet. We fit the second component with an off-axis
jet model for a constant medium density and find the late bump can be represented
by the model. The derived jet half-opening angle is0.30 rad and the viewing angle is
0.315 rad. The medium density is0.05 cm−3, possibly suggesting that it may be from
a merger of compact stars. The similarity between GRBs 060614 and 100418A may
indicate that the two GRBs are from the same population and the late bump observed
in the two GRBs may be a signal of a two-component jet powered by the GRB central
engine.
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1 INTRODUCTION

Phenomenologically, two types of gamma-ray bursts (GRBs) have been classified according to their
observed burst durationT90 based on observations with CGRO/BATSE (Kouveliotou et al. 1993).
Recent progress made by theSwift mission presents several lines of evidence that burst duration is
no longer a reliable indicator for GRB classification (Zhang2006; Zhang et al. 2007, 2009; Lü et al.
2010; Xin et al. 2011). The most prominent case is GRB 060614,which is a long GRB at redshift
z = 0.125. It is surprising that no supernova is associated with this nearby long GRB (Gal-Yam et al.
2006; Gehrels et al. 2006; Della Valle et al. 2006; Fynbo et al. 2006) as seen in other nearby long
GRBs 980425, 030329, 031203, and 060218 (Galama et al. 1998;Hjorth et al. 2003; Stanek et al.
2003; Modjaz et al. 2006; Pian et al. 2006), leading to debateon the physical origin of this event,
i.e. collapse of a massive star (Type II) or merger of a compact star binary (Type I) (e.g., Zhang
2006 and reference therein). Some intrinsically short-duration, high-z GRBs, such as GRBs 080913
(z = 6.7; Greiner et al. 2009) and 090423 (z = 8.3; Tanvir et al. 2009; Salvaterra et al. 2009), and a
typical short-duration high-z GRB 090426 (Levesque et al. 2010; Xin et al. 2011) suggest that some
short duration GRBs are probably not produced via compact star mergers (Type I), but are likely
related to massive stars (Type II). Virgili et al. (2011) performed a series of Monte Carlo simulations
and showed that the compact star merger model cannot interpret both theSwift known-z short GRB
sample and theCGRO/BATSE short GRB sample. Zhang et al. (2009) attempted to invoke a set
of multiple observational criteria to judge the physical category of a GRB, and gave an operational
procedure to discern the physical origin of GRBs. Based on observed gamma-ray energy (Eiso) and
peak energy (Ep) of theνFν spectrum of prompt gamma-ray emission, Lü et al. (2010) defined a
parameterε ≡ Eiso/E1.7

p,z , and proposed a new empirical classification method that is found to better
match the physically-motivated Type II/I classification scheme. They showed that the typical Type
II GRBs are in the high-ε group, in contrast to the typical type I GRBs, which belong tothe low-ε
group. The non-detection of any SN associated with GRB 060614 also motivated ideas that it may
have an essentially different physical origin from both theType I and II, such as a stellar object
disrupted by a medium-mass black hole (Lu et al. 2008). 060614-like GRBs are of interest to study
the physical origin of these kinds of events.

GRB 100418A interestingly triggered Swift/BAT. It is quitesimilar to GRB 060614, possi-
bly adding a valuable case for such kinds of events. This paper presents a detailed analysis of
this event and compares it with GRB 060614, hence discussingpossible physical origins of the
multi-wavelength emission of this event. Throughout, a concordance cosmology with parameters
H0 = 71 km s−1 Mpc−1, ΩM = 0.30, andΩΛ = 0.70 is adopted.

2 DATA

2.1 Prompt γ-Rays

GRB 100418A triggered theSwift satellite on 2010 April 18 atT0 =21:10:08 UT. The BAT light
curve shows two overlapping peaks starting atT0−10 s, peaking atT0+2 s, and ending atT0 +40 s.
Its T90 is 7±1 s in the 15–350 keV band, with weak extended emission up to roughly 40 s post the
BAT trigger (Ukwatta et al. 2010). The time-averaged spectrum from T0 − 1.1 s to T0 + 7.8 s is
best fit with a simple power-law model, yielding a power law photon index ofΓ = 2.16 ± 0.25.
Although itsEp cannot be measured directly from the observed BAT spectrum,a photon index of
2.16 is very close to the typical high energy photon index (Kaneko et al. 2006), indicating thatEp

would be lower than 50 keV. Using theΓ - Ep relation (Zhang et al. 2007; Sakamoto et al. 2009) and
Bayesian methodology (Butler & Kocevski (2007)) one may obtain Ep = 29+2

−27 keV. The fluence
in the 15–150 keV band is(3.4 ± 0.5) × 10−7 erg cm−2. The 1-second peak photon flux measured
from T0 + 0.47 s in the 15–150 keV band is 1.0±0.2 ph cm−2 s−1. Assuming that the low and high
energy band spectral indices are−1 and−2.3, one can getEiso and the peak luminosity (Lγ,iso) in
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the 1 − 104 keV band that are9.9+6.3
−3.4 × 1050 erg and2.1+1.1

−0.6 × 1050 erg s−1, 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 afterthe BAT trigger. We use the
web-based analysis system athttp://www.swift.ac.uk/ for XRT data analysis. Details of the system are
available in Evans et al. (2007). It is found that the XRT light curve starts with a steep decay segment,
then transits to a smooth bump peaking at∼ 105 s post the GRB trigger. The spectrum of the early
steep decay phase is extremely soft. It can be fit with an absorbed power-law. The derived photon
index isΓ = 4.32+0.28

−0.24 and the intrinsic column density of the host galaxy isNH = (2.1 ± 0.4)×

1021 cm−2 over the Galactic absorption (4.8 × 1020 cm−2). The C-stat of the fit is 206 in 206
degrees of freedom. The late X-ray spectrum, accumulated inthe period of∼ 103

− 105 s post the
GRB trigger, however, is similar to that observed in typicalGRBs (Liang et al. 2007), which can be
fitted with an absorbed power-law with a photon index ofΓ = 2.04+0.21

−0.29 and an intrinsic absorption
of NH = (1.79+0.93

−1.51)× 1021 cm−2. The C-stat of the fit is 119 in 131 degrees of freedom. No
significant difference ofNH is found in the early or late epochs.

The optical afterglow was detected in the white,b, u andv filters (Siegel & Marshall 2010).
Optical data are collected from GCN circulars. They are not corrected for the Galactic extinction
corresponding to a reddening ofEB−V = 0.07.

3 JOINT TEMPORAL ANALYSIS OF PROMPT AND AFTERGLOW EMISSION

In order to present a global view of the multi-wavelength observations for GRB 100418A, we show
its joint light curve in X-ray (at 1 keV) derived from BAT and XRT observations and the optical
light curve in theR band in Figure 1(a). The X-ray light curve is composed of two distinguished
components, but the optical emission was only detected for the second component. The optical light
curve traces the X-ray one for the second component. The joint light curves for GRB 060614 are
also shown in Figure 1(a) for comparison. It is interesting that GRB 100418A is almost a mimic of
GRB 060614. Although the luminosities of the first components of the two GRBs are comparable,
the luminosity of the second component of GRB 100418A is one order of magnitude higher in the
X-ray band and almost two orders of magnitude higher in the optical band than that of GRB 060614.

The X-ray light curve and the optical light curve are fit with atwo-component smooth broken
power-law model and one-component broken power-law model,respectively. Each component is
characterized as

F = F0

[(

t

tb

)ωα1

+

(

t

tb

)ωα2
]

−1/ω

. (1)

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

Table 1 Best-fit Parameters of X-ray and Optical Lightcurves for GRB100418A

F0 tb α1 α2 χ2/(dof)
(erg cm−2 s−1) (104 s)

BAT+XRT (0–1200 s) (4.19 ± 0.54) × 10−8 (26 ± 5) × 10−2 –0.52±0.09 4.18±0.18 143/89
XRT (1200 − 107 s) (3.25 ± 0.68) × 10−13 8.96±2.24 –0.26±0.11 1.64±0.12 36/42
R Band (1200 − 107 s) (1.38 ± 0.06) × 10−12 3.36±0.20 –0.89±0.14 1.31±0.12 492/312
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Fig. 1 (a) The X-ray light curve at 1 keV derived from the BAT and XRT observations and theR
band light curve of GRB 100418A in comparison with GRB 060614. (b) Best fits to the light curves
of GRB 100418A with a two-component smooth broken power-lawmodel (lines).

4 POSSIBLE PHYSICAL ORIGINS OF MULTI-WAVELENGTH EMISSION

4.1 The Prompt Gamma-rays

As shown in Figure 1(b) and Table 1, the steep decay after the peak time (α2 = 4.18 ± 0.18) and
extremely soft X-ray spectrum (Γ = 4.32+0.28

−0.24) of the first component indicate that this component
may not originate from external shocks. The early steep decay segment observed in the XRT band
could be contributed by the tail emission of the prompt gamma-rays due to the time-delay of the
photons from the high latitude of the GRB fireball, as is usually seen in some typical GRBs (Liang
et al. 2006; Zhang et al. 2007, 2009).

4.2 The Afterglows

The second component slowly rises and peaks at∼ 105 s post the GRB trigger. This component
was also detected in the optical bands. The decay slope post the peak (α2 = 1.64 ± 0.12) and
spectral index (βX = 1.13) are consistent with the closure relation of the GRB fireballin the spectral
regimeνm < νX < νc, i.e. α2 = 3βX/2, whereνm and νc are the typical frequency and the
cooling frequency of synchrotron radiation respectively (Sari et al. 1998; Zhang & Mészáros 2004),
generally favoring the external origin of this component.

Some models predict a smooth bump in the afterglow light curves. The early bump usually
observed in the optical light curves is believed to be due to the deceleration of the GRB fireball by
the surrounding medium (Sari & Piran 1999). In this scenario, one can derive the initial Lorentz
factor (Γ0) of the GRB fireball in the thin shell case with (Sari & Piran 1999)

Γ0 = 2

[

3Eiso

32πnmpc5ηt3p,z

]1/8

∼ 193(nη)−1/8
×

(

Eiso,52

t3p,z,2

)1/8

, (2)

wheren is the medium density surrounding the burst (in units of cm−3), η is the ratio of theEγ,iso

to the total kinetic energy of the GRB fireball, andtp,z = tp/(1 + z) is the peak time in the cosmo-
logically local frame. NotationQn denotesQ/10n. Liang et al. (2010) discovered a tight correlation
betweenΓ0 andEiso. We test if the origin of the bump in GRB 100418A is due to the deceleration of
the GRB fireball. We derive itsΓ0 with Equation (2) and obtainΓ0 = 24± 2 by takingn = 1 cm−3
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Fig. 2 Tests for the physical origin of the late bump of GRB 100418A with empirical relations
observed in typical GRBs: (a) relation ofΓ0 to Eiso taken from Liang et al. (2010); (b) relation
between the peak time (or break time) and the corresponding X-ray luminosity of the GRBs with
a canonical XRT light curve (solid dots, from Dainotti et al. 2010). The lines are the best fit to the
correlation at a confidence level of 90%. GRBs 060614 and 100418A are marked with stars.

andη = 0.2. TheΓ0 is much lower than typical GRBs (Liang et al. 2010). Similar to GRB 060614,
it is a significant outlier of the tightEiso − Γ0 correlation, as shown in Figure 2(a).

The second possibility is the long-lasting energy injection effect. Assuming that the energy
injection behaves asLin = L0(t/tb)−q, we haveα1 = (q − 1) + (q + 2)βX/2 and getq ∼ 0.1,
being roughly consistent with the energy injection from a spin-down magnetar (q ∼ 0; Dai & Lu
1998; Zhang & Mészáros 2001; Xu et al. 2009). A canonical XRT light curve is detected for most
typical GRBs, and its shallow decay segment is generally consistent with the expectation of the
energy injection models (e.g., Liang et al. 2007). Dainottiet al. (2010) derived a relation between
the break time of the shallow decay segment and the corresponding X-ray luminosity. Recently, Xu
& Huang (2011) discovered a tight correlation among the break time, the X-ray luminosity, and
the isotropic gamma-ray energy release. We also examine if GRB 100418A is consistent with these
relations. We find that it is an outlier of theLX − tb relation at the 90% confidence level, similar to
GRB 060614, as shown in Figure 2(b). The derivedLX from the relation by Xu & Huang (2011) is
∼ 5 × 1044 erg s−1, being smaller than the observed one by a factor of 2.

A smooth bump feature may also be explained by the line-of-sight effect (Panaitescu & Vestrand
2008; Guidorzi et al. 2009; Margutti et al. 2010). This requires that the GRB jet is uniform with a
sharp edge, and the line of sight is outside the jet cone. The afterglow peak then corresponds to the
epoch when the1/Γ beaming cone of radiation enters the line of sight, and the measuredΓ is not
the initial Lorentz factor of the ejecta, but is the Lorentz factor defined by(θv − θj) = 1/Γ, where
θv andθj are the viewing angle and the jet half-opening angle, respectively. It predicts that the rising
index of the light curve is very steep, say,αr ∼ (3− 4) (Panaitescu & Vestrand 2008). However, the
rise can be slow if the deviation of the line of sight from the jet cone is small. The line-of sight effect
alone could not explain the prompt emission, the early steepdecay, or the late bump feature of GRB
100418A.

Another possibility to explain the second component may be two component jet models (e.g.,
Granot et al. 2006; Racusin et al. 2008; Liang et al. 2009; Inayoshi & Tsutsui 2010). As shown by
Huang et al. (2004), a co-axial two component jet model may interpret the late optical rebrightening
in GRB 030723. The inner narrow jet component produces the prompt gamma-rays and the early
afterglow, and the wide hollow jet component is responsiblefor the late afterglow. Liu et al. (2008)
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Fig. 3 Numerical fit to the optical (panel a) and X-ray (panel b) light curve 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 late activity of the GRB’s central engine after
the main burst may contribute to the late rebrightening as shown in GRB 060206. Considering a jet
that consists of an on-axis narrow and initially highly relativistic outflow from which the prompt
emission originates and a late off-axis moderately relativistic outflow that decelerates at a signif-
icantly later time and contributes to the late afterglow (Liu et al. 2008), we fit the late X-ray and
optical bump of GRB 100418A accurately with the numerical model of Huang et al. (2000) by
taking into account synchrotron-self-Compton cooling of electrons.

Figure 3 shows our fit to the data with the following model parameters: isotropic kinetic energy
Ek,iso = 1053 erg, ISM number densityn = 0.05 cm−3, jet half-opening angleθj = 0.30 rad,
viewing angleθv = 0.315 rad, electron energy fractionǫe = 0.15, magnetic energy fractionǫB =
10−4, and electron energy distribution indexp = 2.2.

5 CONCLUSIONS AND DISCUSSION

We have made temporal and spectral analyses of GRB 100418A. We show that the X-ray light
curve is composed of two distinguished components. The firstcomponent ends with a steep decay
segment, indicating that it is consistent with the internalorigin. The late component is a smooth
bump peaking at∼ 105 s post GRB trigger. This component is also detected in the optical bands. The
possible physical origin of the second component has been discussed. We show that a late off-axis
jet component with parameters,Ek,iso = 1053 erg,θj = 0.30 rad,n = 0.05 cm−3, θv = 0.315 rad,
ǫe = 0.15, ǫB = 10−4, andp = 2.2, can accurately fit the late hump of the afterglows.

No detection of any supernova associated with the nearby long GRB 060614 resulted in debate
on the physical origin of this event, i.e. collapse of massive stars (Type II) or merger of compact
stars (Type I) (e.g., Zhang 2006 and references therein). GRB 100418A is at a reshift of 0.624. Deep
optical monitoring did not find any signature of SN light in the late optical light curve as seen for
most GRBs atz < 1 (see Zeh et al. 2004 for a full sample before the Swift era). Itis possible that
both GRBs 060614 and 100418A may be from a subclass of long GRBs without an accompanying
SN. It is interesting that the temporal features of this event are similar to GRB 060614.

The circumburst environment is also critical to understanding the nature of a GRB (e.g., Xin
et al. 2011). Two types of media are discussed in the literature, namely, an interstellar medium (ISM)
with a constant density and a stellar wind with a density profile n ∝ r−2. A wind type of medium
would undoubtedly indicate a massive star progenitor, since mergers of compact stars usually occur
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at the outskirts of galaxies. A low-density medium is evidence for a burst from the merger of compact
stars. We gotn = 0.05 cm−3 in our model fit to the second bump1. This favors the scenario of a
merger of compact stars as the progenitor of this event. However, with the classification method
proposed by Lü et al. (2010), GRB 100418A is classified into the Type II group (logε = −0.57)
and GRB 060614 is marginally in the Type I group without considering its long extended emission.
These results make it difficult to know the progenitors of these kinds of events. We should point out
that one cannot confidently exclude the possibility that thetwo bursts may essentially have a different
physical origin from both Type I and II, such as a stellar object being disrupted by a medium-mass
black hole (Lu et al. 2008).
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Zhang, B., & Mészáros, P. 2001, ApJ, 552, L35
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