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ABSTRACT

We reportSwift Burst Alert Telescope (BAT) observations of the X-ray flash (XRF) XRF 050416A. The fluence
ratio between the 15-25 and 25-50 keV energy bands of this event is 1.1, thus making it the softest gamma-ray
burst (GRB) observed by BAT so far. The spectrum is well fitted by a Band functionBfith ~ 15.6f33 keV.
Assuming the redshift of the host galaxgy£€ 0.6535 ), the isotropic equivalent radiated eBgrgyd the peak
energy at the GRB rest framgx;, ) of XRF 050416A are not only consistent with the correlation found by Amati
et al. and extended to XRFs by Sakamoto et al. but also fill in the gap of this relation around the 30-80 keV range
of Egear This result tightens the validity of the ¢ :E i, relation from XRFs to GRBs. We also find that the jet
break time estimated using the empirical relation betwggh, and the collimation corrected Endsgy
inconsistent with the afterglow observation by B ft X-Ray Telescope. This could be due to the extra external
shock emission overlaid around the jet break time or to the nonexistence of a jet break feature for XRFs, which
might be a further challenge for GRB jet emission models and XRF/GRB unification scenarios.

Subject heading: gamma rays: bursts
Online material: color figure

1. INTRODUCTION redshift is0.25+ 0.01 (Soderberg et al. 2004). Sakamoto et
al. (2004) calculated the isotropic equivalent enekgy and
the peak energy at the source fraBg;, using the redshift of

information for understanding the nature of gamma-ray bursts h
: ' e host galaxy and found that XRF 020903 follows an exten-
(GRBs). Detailed studies of XRFs started a few years ago base ion of thge em);/)irical relationship betwe&p, andE:®, found

on BeppoSAX observations (Heise et al. 2001; Kippen et al. b : ;

. y Amati et al. (2002) for GRBs (also known as the Amati
2(.)03)’ but X-ray—rlch events had already been detected by therelation). This result provides observational evidence that XRFs
Ginga satellite. Yoshida et al. (1989) reported that soft X-ray 5,4 GRBs form a continuum and are a single phenomenon.
emission below 10 keV coexists withray emission of GRBs. In this paper, we report on the prompt emission properties

AbIOUt ?gﬁs‘)f ttr?e bhri%ht bursts obtser;]/_et;l] %’rgga ha\t/e a4 of XRF 050416A as observed by the Burst Alert Telescope
va uke 0 f peak: de Ff) oznvene(rjgyl a V;’] IC | ,;pec ;um (BAT) on board theSwift satellite. The X-ray flash, XRF
Peaks, of around a Iew kev and aiso show large A-ray-tay 050416A, was detected and localized by 8wéft (Gehrels et

fluence ratios (Strohmayer et al. 1998). al. 2004) BAT (Barthelm A
; . . y et al. 2006) at 11:04:44.5 UTC on
The Wide-Field Camera (WFC) on board BeppoSAXsat- — 5q05" April 16 (Sakamoto et al. 2005b, 20058)ift autono-

ellite observed 17 XRFs in 5 years (Heise et al. 2001). Kippen ) o

et al. (2003) searched for GRBs and XRFs that were observe Q}Jtsl)yg_;;e)\//v %é‘;gﬁe IB(Q'IL_IgnBt:E?(;SVSpce)flglon,zoaorg gﬂt(;] tthhee
In bOth.WFC and BATSE. The WFbend BATSE.JO'nt spectrgl UV-Optical Telescope (UVOT; Roming et al. 2006) detected
analysis of XRFs shows that thdﬁgea,‘;s energies are signifi- the afterglow (G. Cusumano et al. 2006 and S. Holland et al.
cantly lower than those of t_he BATSEC;,  distribution (Preece 2006, both in preparation). The afterglow emission of XRF
et al. 2000). The systematic study of the ;pectral properties Of050416A was also observed by ground observatories at various
XRFs observed bHETE-2 also supports this result (Sakamoto wavelengths (Cenko et al. 2005a, 2005b; Anderson et al. 2005;
et al. 2005a). Li et al. 2005; Kahharov et al. 2005; Price et al. 2005; Sod-

The afterglow detection and the redshift measurement from
- erberg et al. 2005). Cenko et al. (2005c) reported that the host
the host galaxy of XRF 020903, which is one of the softest galaxy is faint and blue with a large amount of the star for-

XRdFS (t)bsg_rvedthby-IE'[E-Z, th)(z\g?: th?_hdramatic tprog_res_s in fmation and that its redshift 5= 0.6535+ 0.0002 . Through-
understanding the nature o S. [N€ prompt eémission ot i yjg paper, the quoted errors are at the 90% confidence level

XRF 020903 ha£5,< 5.0 keV, which is 2 orders of mag- : :
nitude smaller tharq that of typical GRBs. The optical transient ﬁtnhder\t,cgeSky coordinates are in J2000.0 unless we state

and the host galaxy of XRF 020903 were detected. Further
spectroscopic observation of the host galaxy suggests that the

Observations of X-ray flashes (XRF) are providing important

2. BAT DATA ANALYSIS

' NASA Goddard Space Flight Center, Code 661, Greenbelt, MD 20771. . . .
2 National Research Council, 2101 Constitution Avenue, NW, TJ2114, The BAT data analysis was performed using 8weft soft-

Washington, DC 20418. ware package (HEAsoft 6.0). The background was subtracted
® Los Alamos National Laboratory, P.O. Box 1663, Los Alamos, NM 87545. using the modulations of the coded aperture (mask-weighting
. Department of Physics, University of Maryland, College Park, MD 20742. tgchnique). In this technique, photons with energies higher than
50092;’5%?; ,\S,I%agioifgjg_' Association, 10211 Wincopin Circle, Suite 1 5 e\ hecome transparent to the coded mask and these pho-
s Institute of Space and Astronautical Science, JAXA, Kanagawa 229-8510, tons are treated as a background. Thus, in this mask-weighted
Japan. technique the effective BAT energy range is from 14 to 150 keV.
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‘ TABLE 2

T
15—-25 keV

THE TIME-AVERAGED SPECTRAL PARAMETERS OF XRF 050416\

Model o B Epeax Ko x?/dof
PL ........ .. —31+02 (4.3+ 0.3) x 10% 50.74/57
PLE........ .. —34+04 .. (47+05)x 102 43.88/53
Band...... -1°  <-34 1562% 35LIx10'  42.99/56

NOTE.—E,, is in units of keV;Ky, is in units of photons cnt s™* keV ™.
2 Fitting result using only spectral bins above 20 keV.
® Fixed.

Counts/s/det

were derived directly from fitting the time-averaged and 1 s peak
spectra, respectively, assuming a Band function witk —1
Table 2 summarizes the spectral parameters of the BAT time-
averaged spectrufizigure 2 shows the time-averaged spectrum,
accumulated over the time interval from0.5 to 3 s since the
Time since trigger [<] BAT trigger time, fitted with a simple power-law model. The

Fic. 1.—Light curve of XRF 050416A in five energy bands: 15-25, 25-50 p_hoton index3, which is much stegper than2, strongly in-
50-100, 1009150, and 15-150 keV. The bottom pangg shows the har’dness r’atitglcat.eS that the BAT observed th? higher e”e.rgy part of the Band
between the 25-50 and 15-25 keV bands. unction (Band et al. 1993). Motivated by this result, and also

by the fact that almost all GRB and XRF spectra are well de-
= scribed by the Band function (Preece et al. 2000; Kippen et al.
2003), we tried to fit the spectrum with a Band function assuming
the low-energy photon index to be fixed at—1, which is the

Figure 1 shows the energy-resolved BAT light curves of XR
050416A. It is clear that the signal of the burst is only visible

below 50 keV. The burst signal is composed of two peaks. The | ~.
first peak has a triangular shape with the rise time longer thantyplcal value for both GRBs (Preece et al. 2000) and XRFs

the decay time. When we calculate the spectral lag (Norris et (KiPPEN et al. 2003; Sakamoto et al. 2005a). The fitting shows
al. 2000) between the 25-50 and 15-25 keV bands, the cross& significant mprovemzent from a simple power-law model to
correlation function lag is—0.0663%2 s (1 o error). These theaiandtglénC.t'onnf.ggﬁce_oz';]5 f%r %odggr:gﬁt()f f(raeeg?f?r.rgg d
temporal characteristics are very unusual for typical GRBs duantify the significance IS Improv » We p

(e.g., Mitrofanov et al. 1996; Norris et al. 2000); thus, it is 10,000 spectral simulations assuming our best-fit spectral pa-
difficult to understand them in the framework of the standard II:r?aT]EtiI:S(IanS ?hzlg:g:% ?Or\]l\é?'zlr?\m m\‘zg;;a?g g%tggps";?g lnarllow
internal shock models in which the rise time is always shorter y ter than 7.75 u thl M gII P IV del qu; d
than the decay time and the hard emission always exceeds th@F greatér than 7. 75 over (e Simple power-aw modet. Yve foun
soft emission (e.g., Piran 1999; Kobayashi et al. 1997).tJhe equal or higher improvements jf in 62 S|mulate_d spectra out
andt., in the 15-150 keV band are 2.4 and 0.8 s, respectively, ©F 10:000. Thus, the chance probability of having an equal or
This ty, belongs to the shortest part of the “long GRB” clas- Q:Qtf;i%r %Xn ?f 775 W'tfh thi?nBland \];\l/mrc-:ltlw n\1/vhder? ithg GQ?re'I[]rE
sification based on the BATSE duration distribution (Paciesas stribution IS a case Oob"fs. PI€ POWEr-iaw mo ebfm' 0. 1he
et al. 1999). The fluence ratio between the 15—25 and the 25-CPSerVedE,q energy g, is well constrained b.657  kev,
50 keV bands of 1.1 makes this burst one of the softest GRBsand It c;onﬂrms the soft hature of this burst. We also applied a
observed by BAT so far. The bottom panel of Figure 1 shows congtrained Band function fit (Sakamoto et al. 2004) to the BAT
the count ratio between the 25-50 and 15-25 keV bands. The

. . - . . 8 The spectral models that we use throughout this paper are a simple power-
spectrgl sofienlng is clearly visible during the first and the |~ “ (PU(E) = Koo(E/30) . and the Band functioffE) = K.(E/30)"
secona peak.

. x exp [~EQ2 + @)/Epea] if E< (& — B)Epeal(2 + @) and f(E) = Kyef(x — B)
As reported by the BAT tearhwe applied the energy de-  x E,../[30(2 + a)}*~* exp 8 — a)(E/30Y if E> (& — B)Eeal(2 + ).
pendent systematic error vector in the spectral files before doing

any fitting procedure. The background-subtracted (mask-

weighted) spectral data were used in the analysis. The XSPEC  _ S ‘
version 11.3.1 software package was used for fitting the data 3 ¢ E
from 14 to 150 keV to the model spectrum. 2
Table 1 shows the fluences and the peak photon fluxes in the 3 7, | |
various energy bands. These fluences and peak photon fluxess ~
” See http://legacy.gsfc.nasa.gov/docs/swift/analysis/bat_digest.html. E ot 3
TABLE 1 o ‘
ENERGY FLUENCES AND PEAK PHOTON FLUXES OF XRF 050416\ z L + ' i
ASSUMING A BAND FUNCTION WITH o = —1 +‘E ++ ~}j
Energy Band Energy Fluence Peak Photon Flux e _{; {‘_ - #‘_ o _Jr%f’? _________ % _________
(keV) (ergs cm?) (photons cm? s°7%) T 4’7 .
15-25 ...l (1.7 0.2) x 107 2933 20 50 o0
25-50 ...l (1.5 0.2) x 1077 1.7+ 0.2 channel energy (keV)
— +1.0 —8 08 -l
Egoﬂ)go """""" fé’ﬁ%i i%,g g'?g;g : 18,2 Fic. 2.—BAT spectrum of XRF 050416A with a simple power-law model.
15-150 ... .. 3 '&36 3) x 107 '5’6‘2+ 05 The spectral bins in the figure are at least 8r are grouped into sets of 13

bins.
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Fic. 3.—Ratio between the spectral data of XRF 050416A and the Crab Eiso 107 erg]

Nebula. The numerator and denominator of the ratio are XRF 050416A and
the Crab Nebula spectrum, respectively. The solid line shows the best-fit power-
law slope of—1.9 derived from fitting the data above 25 keV. The bottom
panel shows the residuals from this best-fit power-law slope. The rediced

is 7.72 for 20 degrees of freedom.

Fic. 4.—Isotropic equivalent energ¥,,, vs. the peak energy at the GRB
rest frame,ESL, , for XRF 050416Asquare) and the known redshift GRBs
from BeppoSAX (circles) andHETE-2 (triangles). TheBeppoSAX GRB sample
is from Amati et al. (2002), and thHETE-2 GRB sample is from Lamb et
al (2004). The dotted line is the relatid, = 89(E /10% ergsf®  (Amati
. ) . et al. 2002). $ee the electronic edition of the Journal for a color version of
spectrum to estimatBos, . The calculateéffs, is consistent this figure]
with a Band function fit of the fixedx to —1: 9.9 keV <
Eges < 20.0 keV at the 68% confidence level, 5.1 ke\Eges,

<21.8 keV at the 90% confidence level, algls, < 23.0  kev XRF 050416A not only follows theEsi, oc ELS relation but
at the 99% confidenc; level. oL also fills in the gap of the relation arguﬁgggk = 30-80 keV.

The low-energy response is crucial for the determination of This result tightens the validity of this relation by 5 orders of

the spectral parameters of an XRF, and also, as reported by théagnitude inE,, and 3 orders of magnitude By, . XRF
BAT team? there is a known problem 0f15% smaller effec- ~ U20416A bridges the gap in thes.:E,, relation between
tive area in the Crab spectrum below 20 keV when fitting with XRFS, which havee;c,, - of less than 10 keV, and GRBs.

a prelaunch response matrix. Since the postlaunch respc_)ns%gge ci(\)/nflrmanonl Ofrtin?j?peagEr;SOth rf';‘g?:” frgg] GXIEBFSftOrm
matrix that we used in the analysis was applying a correction S gIVes US a clear indication tha sa S 1o

to force the Crab spectrum to fit a canonical model from 14 & continuum and are a single phenomenon. There are several

to 150 keV, and since we were also applying the systematiclet models to explain a unified picture of XRFs and GRBs. The

; ; ff-axis jet model (Yamazaki et al. 2004; Toma et al. 2005),
error vectors before performing the spectral analysis, the sys-° . ; i
tematic effect of this low-energy problem is very limited. How- the Structured jet model (Rossi et al. 2002; Zhang &skkens

ever, we investigated the spectrum of XRF 050416A ignoring 2002; Zhang et al. 2004), and the variable jet opening angle
the spectral bins below 20 keV. Even without using spectral Mod€! (Lamb et al. 2005) are the most popular models in this

bins below 20 keV, the photon index of XRF 050416A is aspect. On the other hand, there are theoretical models to ex-
—3.4+ 0.4 much s’teeper thar2 (a < —2 at the>99.99% plain XRFs in the framework of the internal shock model
confidence level). Furthermore, we took the ratio of the spectral (MésZaos et al. 2002; Mochkovitch et al. 2004) and of the
data of XRF 050416A and the Crab Nebula observed at an©€Xternal shock model (Dermer et al. 1999; Huang et al. 2002;
incident angle similar to that of XRF 050416A. The result is Dermer & Mitman 2004). The cited et modells and internal/
shown in Figure 3. The flattening trend of the photon index external ShQCk models_ not only expl_am the existence Of XRFs
below 25 keV is also clear in this figure. Thus, we conclude that under certain assumptions, but also, in some of their realizations
the deviation from a simple power-law model below 25 keV is ©OF for some values of their parameters, they can predict the

E>C -E ., correlation.
a real feature of the spectrum of XRF 050416A. eak —iso .
P pAccordlng to the XRT afterglow observations of XRF

050416A, the decay slope of the afterglow emission+90.9
3. DISCUSSION from 0.015 to~34.7 days after the GRB trigger without any

One of the most important discoveries related to XRF signature of a jet break (G. Cusumano et al. 2006, in prepa-

050416A is the confirmation of thEsE ., relation (Amati ration; Nousek et al. 2005).
et al. 2002). We calculate thE,,,, energy at the GRB rest Using Ejciy andg,, of XRF 050416A measured by BAT, we

frame, E5,, and the isotropic equivalent energy (1-#eV can estimate the jet break time using the relation between
at the rest frame)E,,, using the redshift of the host galaxy Escacand the jet collimation corrected eneryfound by Ghir-
(z = 0.6535. Assuminga = —1 , theES, andk,, values of landa et al. (2004; the Ghirlanda relation). However, there is

XRF 050416A are25.1'%4 keV anc(l.zei 0.2) x 10%* ergs, @& debate about the assumption of the jet model used by Ghir-
respectively. Figure 4 shows the data point of XRF 050416A landa et al. (2004) to derive the relationship betwggf), ~ and
with the known redshift GRBs d8eppoSAX andHETE-2sam-  E, (Xu 2005; Liang & Zhang 2005). Based on this argument,

ples (Amati 2003; Lamb et al. 2004; Sakamoto et al. 2004). We use the empirical relation betweé),, E;ZZ, and the jet
break time at the rest framg° , derived by Liang & Zhang

° See the “Corrections to Response” section of the BAT Digest (http:/ (2005). Note that t_here is no assumption of a jet m(_)del in_ the
legacy.gsfc.nasa.gov/docs/swift/analysis/bat_digest.html). formula found by Liang & Zhang (2005), and thus their relation
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is purely based on observational properties. When we use equamodel if E, is constant. However, as Ghirlanda et al. (2004)
tion (5) of Liang & Zhang (2005)E,/10*? ergs = 0.85 x showed,E, is not a constant parameter but has a good corre-
(E5es/100 keV)-**€sif1 day)y ** the jet break time in the ob-  lation with Esf,. When we apply the Ghirlanda relation,
server's frame is estimated to b&.5 days after the GRB onset  Ej;, oc E* in the variable opening angle model and recal-
time. Note that this estimated jet break time is consistent with culate the jet break time, the break time is 0.7 days assuming
the estimation using the Ghirlanda relation assuming a circum-a circumburst density of 10 cm In the variable jet opening
burst density of 3 cn?. Thus, the estimated jet break time angle model, there is no way to explain both the Ghirlanda
using the empiricaE;5-E st5d relation is inconsistent with relation and the null detection of the jet break by XRT
the null detection of a jet break until more than 34.3 days after simultaneously.
the trigger by XRT. One natural way to explain the nondetection of the jet break
In the off-axis jet model (Yamazaki et al. 2004; Toma et al. feature is that extra components are overlaid around a jet
2005), the null detection of the jet break in the XRT data of break time period. According to the afterglow calculations in
XRF 050416A could be difficult to explain. When we assume the X-ray band by Zhang et al. (2006), there are several pos-
a bulk Lorentz factor of 10055, of 300 keV for an on-axis sibilities for hiding a jet break feature due to some kind of
observer, and a jet opening angle 6fthe viewing angle from  emission by the external shock. These are external shock
the jet on-axis is estimated to be4° from the observed emission from (1) the dense clouds surrounding a GRB pro-
Ejeax Of 25 keV. According to Granot et al. (2002), when ob- genitor (e.g., Lazzati et al. 2002), (2) a moderately relativistic
serving the jet from an angle 2 times larger than the jet openingcocoon component of a two-component jet (e.g., Granot 2005),
angle, we would expect to see a rise in the flux around 1 dayand (3) a jet with large fluctuations in angular direction (patchy
after the burst. It is possible to increase the bulk Lorentz factor jets; Kumar & Piran 2000). On the other hand, it might be the
and to reduce the off-axis viewing angle to achieve the samecase that XRFs indeed do not show the signature of a jet break
Doppler factor. However, in this case, the afterglow light curve in the afterglow. Indeed, although the numbers in the sample
should be close to the on-axis case; thus, we would expect toare limited, there is no clear observational indication of a jet
see a jet break around the time we estimated. break in any XRF afterglow light curve so far. If the later case
On the other hand, the variable jet opening angle model is true, we need to change our view of XRFs completely. Thus,
(Lamb et al. 2005) might work for XRF 050416A E, is a the multiwavelength observations of XRF afterglows will be
constant value. If we assume the values typical for GRBs crucial to investigate whether a jet break feature exists in XRFs
(Epeax = 300keV and a jet opening angle of)5the jetopening  or not.
angle of XRF 050416A is calculated to be°#cause of the
inverse relation betwedss.>, and the jet opening angle in the We would like to thank R. Yamazaki and D. Q. Lamb for
case in whichE, is a constant. When we use the formulation useful comments and discussions. We would also like to thank
of Sari et al. (1999) applying the estimated jet opening angle, the anonymous referee for comments and suggestions that ma-
the jet break time is 64 days in the case of a circumburst densityterially improved the paper. This research was performed while
of 10 cn®. Both the lowE:, and the null detection of the T. S. held a National Research Council Research Associateship
jet break could be explained in the variable jet opening angle at NASA Goddard Space Flight Center.
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