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OF SCIENCE

The y-ray instruments on boaltNTEGRAL have detected and localised 55 GRBs from launch in
October 2002 up to July 2008, including 53 long-duration GRBg =, 2 s) and 2 short-duration
GRBs (Tgo 5 2 S).

The spectra of the majority dNTEGRAL GRBs can be well described by single power-laws. In
11 cases, models with curvature, such as the Band model pother law plus blackbody model,
are required to fit the time-averaged burst spectra.

INTEGRAL detects proportionally more weak GRBs than Swift becauses dfigher sensitivity
in a smaller field of view. The all-sky rate of GRBs abov8.15phcm?s 1 is ~1400yr!in
the fully coded field of view of IBIS. Spectral lags i.e. the& delay in the arrival of low-energy
y-rays with respect to high-energyrays, can be measured for 31 of the GRBs in the sample.
Two groups are identified in the spectral lag distribution STEGRAL GRBs, one with short
lags <0.75s (between 25-50 keV and 50-300 keV) and one with long}a@75s. Most of
the long-lag GRBs are inferred to have low redshifts becafifieeir tendency to have low peak
energies and their faint optical and X-ray afterglows. They mainly observed in the direction
of the supergalactic plane with a quadrupole momer@ef —0.225+ 0.090 and hence reflect
the local large-scale structure of the Universe. The ratomd-lag GRBs with inferred low
luminosity is~25% of Type Ib/c SNe. Some of these bursts could be produc#uegollapse of
a massive star without a SN. Alternatively, they could refolm a different progenitor, such as
the merger of two white dwarfs or a white dwarf with a neutrtar sr black hole, possibly in the
cluster environment without a host galaxy.
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1. Introduction

The mainy-ray instruments on boaldNTEGRAL, namely IBIS [1] and SPI [2] are optimised
for high-resolution imaging and spectroscopy of fhgy sky, respectively. The IBIS instrument is
comprised of two separate layers of dectectors, ISGRI ilfeV-1 MeV energy range [3], and
PICsIT in the 180 keV-10 MeV energy range [4]. IBIS/ISGRI H&884 CdTe detectors, located
3.4 m from a tungsten mask which projects a shadowgram oetaddkector plane. Maps of the
sky are reconstructed by decoding the shadowgram with ttei pettern. I1BIS has a fully coded
field of view (FCFoV) of 9 x 9° and a partially coded field of view (PCFoV) of 19 19 at
50% coding and 29x 29 at zero coding. SPI consists of 19 hexagonal germanium (&eytbrs
covering the energy range 20 keV-8 MeV with high energy tdgm of 2.5keV at 1.3 MeV. A
coded mask is located 1.71 m above the detector plane foirigagrposes, giving a 2&orner-
to-corner FCFoV and a PCFoV of 34The SPI and IBIS instruments are supported by an optical
camera (OMC, [5]) and an X-ray monitor (JEM-X, [6]).

TheINTEGRAL Burst Alert System (IBAS, [7]) is an automatic ground-based system for the
accurate localisation of GRBs and the rapid distributioG BB coordinates, providing, on average,
0.8 GRBs per month with an error radius-08 arcminutesINTEGRAL detected 53 long-duration
GRBs (Tgo = 2's) and 2 short-duration GRB&f < 2 s) between October 2002 and July 2008. Of
the two short bursts, GRB 070707 is a member of the short-tlass [8], while GRB071017 is a
short-duration burst whose location is consistent withXhay source AX J1818.8-1559 [9]N-
TEGRAL bursts of particular interest include the low-luminositRB031203 [10], the very intense
GRB 041219a [11] and a number of X-ray rich GRBs such as GRR23(12, 13], GRB 040403
[14] and GRB 040624 [13]. In addition, a bright, hard GRB ddgsthe field of view has been
detected using the ISGRI Compton mode [15].

2. Global properties of INTEGRAL GRBs

The exposure map and spatial distribution of the 47 GRBsrebdewith IBIS during the
period from October 2002 to July 2007 are shown in galactrdioates in Fig. 1. The burst
distribution is significantly concentrated towards theagtt plane, reflecting the direction in which
the satellite is pointed. During this peridtNTEGRAL spent 64% of its observing time in the half
of the sky at galactic latitudes betweg30°.

TheTyg distribution ofINTEGRAL GRBs, measured in the 20—200 keV energy range, is shown
in Fig. 2 and compared with the bimodal distribution obtdifer BATSE GRBs [16]. There is rea-
sonable agreement between the two distributions, espeaiaén the small number dNTEGRAL
GRBs is taken into account. The IBIS lightcurves oflBBEGRAL bursts are given in Foley et al.
(2008) [17].

2.1 Afterglows of INTEGRAL GRBs

The X-ray, optical and radio afterglow detections are ¢isteTable 1 for a total of 535 GRBs
well localised by various missions between July 1996 ang 20D8, showing in particular the
observed number of afterglows basedIBTEGRAL GRB detections.

Lhttp:/fibas.iasf-milano.inaf.it/IBAS_Results.html
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Figure 1: (a) INTEGRAL exposure map in galactic coordinates from October 2002 w2007 (con-
tours in units of kiloseconds), showing the concentratibexposure in the direction of the galactic plane
(Erik Kuulkers, private communication). (b) Spatial distition of 47INTEGRAL GRBs detected between
October 2002 and July 2007 in galactic coordinates.

Table 1: Total number of GRBs localised BeppoSAX, HETE-2, INTEGRAL and Swift and subsequent

afterglow detections at X-ray, optical and radio wavelasgbetween July 1996 and July 2008. The data are

taken from the webpage maintained by Jochen Greiner at/atipy.mpe.mpg.detjcg/grbgen.html.
BeppoSAX HETE-2 INTEGRAL  Swift

GRBs 55 79 55 342
X-ray 31 19 21 294
Optical 17 30 20 176
Radio 11 8 8 22

Almost 70% of the GRBs observed BNTEGRAL do not have a detected optical counterpart.
Optical observations revealed faint afterglows for GRBIR®and GRB 040827, and near-IR af-
terglows for GRB 040223 and GRB 040624 [13]. The IBIS errox b6 GRB 060114 contains
galaxies from the cluster A165% £ 0.087) and the optical afterglow was fainter thRa- 19 just
1.9 min after the GRB [18]. Radio afterglows have been detkfdr 8INTEGRAL GRBs.

GRB 040223 and GRB 040624 [13] provide good examples of GRiBsdark or faint opti-
cal afterglows. GRB 040223 was observed close to the galptaine, so NIR observations were
carried out to overcome the high dust obscuration. Obsenstvere undertaken at the NTT of
ESO, 17 hours after the GRB and no afterglow was found. GRB24l@vas located far from the
galactic plane at high latitude where the optical extintti® negligible. Afterglow observations
were carried out 13 hours after the burst using the VLT and TM&gnitude limits were obtained
in the optical that are fainter than the very faint end of thsrithution of the magnitudes of a com-
pilation of 39 promptly observed counterparts. The positd GRB 040624 is less tharf from a
galaxy in the cluster A1651. A search for a supernova wasechout up to a month after the GRB
but none was found to a faint limit & > 22.6 [19].

Spectroscopic redshifts have been determined for INTEGRAL GRBs, i.e. GRB 031203
at z=0.1055 [20]; GRB 050223 at z=0.584 [21]; GRB 050525a=8t&06 [22] and GRB 050502a
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Figure2: Tgo distribution of NTEGRAL GRBs shown in blue in comparison to that of BATSE (dashed line
The BATSE distribution is normalised to thTEGRAL distribution for clarity. The BATSE data for 2041
GRBs is taken from the Current Catalog at http://www.batséc.nasa.gov/batse/grb/catalog/current.

at z=3.793 [23]. Non-spectroscopic redshifts have beeeried for GRB040812 B < z <

0.7, [24]) and GRB 040827 (B < z < 1.7, [25]). The low efficiency for measuring redshifts is
mainly due to the fact thdNTEGRAL spends a large amount of observing time pointing towards
the galactic plane.

There are a number of redshift indicators that can be use@RBs without direct redshift
determinations. One such indicator is the spectral lag hvb@mbines the spectral and temporal
properties of the prompt GRB emission. The spectral lag iasure of the time delay between
GRB emission in a high-energyray band relative to the arrival of photons in a low-energyndb
e.g. [26]. The typical lag values measured for long-dura€irBs detected by the Burst and Tran-
sient Source Experiment (BATSE) between the 25-50 keV afd3@ keV channels concentrate
at~ 100 ms [27]. An anti-correlation between spectral lag antrépic peak luminosity was first
observed by [27], using 6 BATSE bursts with measured retshiflowever, there exist notable
outliers, in particular the ultra-low luminosity bursts 8880425, GRB 031203 and GRB 060218,
associated with the supernovae SN 1998bw, SN 2003lw and 888R0espectively. Short bursts
(Teo < 2s) have very small or negligible lags [28] and relatively lpeak luminosities and so do
not lie on the correlation [29].
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3. Spectral Lag Analysis

In order to measure the lag, background-subtracted liglgsunvere extracted in three energy
bands, 25-50 keV (Channel 1), 50-100 keV (Channel 2) and30@keV (Channel 3). The lag,
between two energy channels was determined by computingrdiss-correlation function (CCF)
between the two lightcurves as a function of temporal lageasstibed by [30] and [27]. Assuming
the time profiles in both energy channels display sufficiémilarity, the peak in the CCF then
corresponds to the time lag of the GRB between the two endrggrels in question. To account
for those cases in which the signal level in Channel 3 wadfiognt to determine an accurate lag,
the counts in Channels 2 and 3 were combined and correlatadDlvannel 1 to givez, 3 1. In this
paper, GRBs witlt2, 31 > 0.75 s are defined as long-lag.

The CCF was fit with a fourth order polynomial in order to aauoior the asymmetry of the
CCF [27]. The peak of the polynomial fit to the CCF was then iatieebe the true lag value. For
each GRB, an average spectral lag over the total burst doraths determined. Statistical errors
were calculated using a bootstrap method as described jn T2¥s involves adding Poissonian
noise based on the observed counts to the lightcurves iniftegetit energy channels and re-
computing the CCF in 100 realisations for each burst. Thi Eftked value is then the mean lag
and the 16th and 84th ranked values represeld. The lightcurve data was over-resolved by a
factor of 10 in order to compute the errors at a time resaiuliéss than the natural binning of the
raw data.

4. Results

There are 11 GRBs within the FCFoV of 0.025 sr of IBIS in 4 yeafr®bservation time,
yielding an all-sky rate of- 1400yr* above the threshold of 0.15phcnt?s™t in the energy
range 20-200 keV. The rate of GRBs is in good agreement wétlrdlues obtained from the more
sensitive analysis of BATSE archival data [31, 32]. Fig.)3@mpares the peak flux (20-200 keV)
distribution of the GRBs observed by IBIS (solid line) to fieak flux (15-150 keV) distribution of
the GRBs detected by the BAT instrument 8wift. IBIS detects proportionally more weak GRBs
thanSwift because of its better sensitivity within a FoV that is smdiga factor of~ 12.

The number distribution of spectral lags measured over thiebfirst duration is given in
Fig. 3 (b) for the 28 long-duration GRBs with a measured lagvben Channel 1 (25-50 keV) and
Channels 2 & 3 (50-300 keV). No statistically significant aidge spectral lags are found. Negative
lags, which violate the typical hard-soft evolution of GRBave been observed in a small minority
of cases [33] and may be more prevalent in short bursts [34long tail extending to~ 5s is
observed in the lag distribution in Fig. 3 (b) and a clear s&#ian between short and long lag is
drawn atr, 31 ~ 0.75s. Thus, long-lag bursts havg 31 > 0.75s and those witlp 31 < 0.75s
are referred to as short-lag GRBs. The spectral lag disiofwf INTEGRAL GRBs as a function
of peak flux is shown in Fig. 4. The BeppoSAX SN burst GRB 980fH] is also shown, as is
GRB 060505 which has no associated SN [36, 37]. The figure shioat both bright and faint
GRBs have short spectral lags, but there is an obvious abséficight long-lag GRBs. Therefore
GRBs with long spectral lags tend to be weak bursts with loakpéux. This trend is in good
agreement with that observed using BATSE GRBs [38], whegeptioportion of long-lag GRBs
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Figure 3. (a) Peak flux distribution for GRBs detected BWTEGRAL (20-200keV, solid
line) and Swift (15-150keV, dashed line). Th&wift data for 237 GRBs is taken from
http://swift.gsfc.nasa.gov/docs/swift/archive/gible.html. (b) Spectral lag distribution for the BSTE-
GRAL GRBs for which a lag could be measured between 25-50 keV ar@i0®keV (2,3 1). The distribu-
tion is separated by the dashed line into short-lag and laggsRBs atro; 31 = 0.75s.

is negligible among bright BATSE bursts and increases tarad®0% at the trigger threshold. In
order to establish the robustness of the spectral lag dsa$&B lightcurves with different peak

count rates were simulated and offset by a range of lag valumeall cases the spectral lag was
successfully recovered for both bright and faint GRBs usheganalysis procedure described in
§3.

The isotropic peak luminosity as a function of spectral kghown in Fig. 5 and includes
the 3INTEGRAL GRBs with known redshift for which a lag was measured. Thellowinosity
bursts GRB 980425, XRF 060218 and GRB 060505 are also plottEdy. 5. The dashed line is
the anti-correlation between lag and luminosity proposgd@]. The brightINTEGRAL bursts
GRB 050502a and GRB 050525a follow the trend of the relatiirz = 0.106, GRB 031203 has a
peak luminosity of 84 x 10* erg st and spectral lag of @7+ 333 s, causing it to fall significantly
below the correlation [10, 29].

5. The Population of Long-lag GRBswith Low Luminosities

The median properties of long and short IMJEGRAL GRBs are given in Table 2 for the 28
long-duration bursts with a measured valuergfs 1. Approximately 40% of NTEGRAL GRBs
with a measured lag belong to the long-lag category. Theanguitak flux for long-lag GRBs is a
factor of ~ 5 lower than for GRBs with short lags.

The distribution of thdNTEGRAL GRBs in supergalactic coordinates is shown in Fig. 6. All
of the INTEGRAL GRBs are divided almost equally between the half of the skywaland below
+30°, in agreement with the exposure map which haS2% of the exposure time withif:30°
of the supergalactic plane. However, 10 of the 11 long-ladd&R&re concentrated at supergalactic
latitudes betweer-30°. The quadrupole moment [39] has a valueQpf 0.007+ 0.043 for all
INTEGRAL GRBs andQ = —0.22540.090 for the long-lag GRBs. The quadrupole moment of the
47 bursts is consistent with zero and an isotropic distidioutThe non-zero moment of the long-lag
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bursts indicates an anisotropy in the distribution of thé§Bs with respect to the supergalactic
plane. The binomial probability that this is a chance oamte is 7x 10~3. GRB 980425 and
XRF 060218 have long lags and lie withirBO® of the supergalactic plane, while GRB 031203 has
a relatively short lag and lies at a high supergalacticudét The long-lag GRBs observed with
BATSE are also significantly concentrated in the directie®(® of the supergalactic plane with
a quadrupole momer = —0.097+ 0.038 [38]. The combined results of more than 14 years of
observations with IBIS and BATSE lead us to conclude thagdlaig GRBs trace the features of the
nearby large-scale structure of the Universe as revealddswperclusters, galaxy surveys [40, 41]
and the very high energy cosmic rays [42]. This result is ¢h&rindication that most long-lag
GRBs are nearby and have low luminosity. The local supeiiseems to be appended to a web
of filaments and sheets, rather than an isolated pancaketwstu with superclusters evident to
~400 Mpc. It has been pointed out that weak BATSE GRBs appdae torrelated with galaxies
out to distances 0f155 Mpc with the limit determined by galaxy surveys [43].

A nearby population of long-lag, low-luminosity GRBs hagyously been proposed based
on the detections of GRB 980425, GRB 031203 and XRF 06021848 GRB 980425 has an
isotropic-equivalenty-ray energy release of 10*8ergs, approximately 3 orders of magnitude
lower than that of “standard” GRBs, assuming its assoaiatiith SN 1998bw [35] and redshift of
z=0.0085 [46]. XRF 060218, the second closest GRB localised e deas detected at a redshift
of z=0.033 [47]. This burst had an extremely long duratidgg(~ 2100 s) , a very low isotropic
energy of~ 6 x 10*ergs and is classified as an XRF [48]. The distance to the lam@RBs can
also be constrained by association and comparison witlwibéotv luminosity bursts GRB 980425
(t ~ 2.8s) and XRF060218t(~ 60s). The distances to GRB 980425 [35] and XRF 060218 [49]
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Figure 4: Spectral lag distribution dfNTEGRAL GRBs as a function of peak flux (20—200keV). The SN
bursts GRB 980425 and GRB 031203 are identified and repesbyibpen circles, as is GRB 060505 which
does not have an associated SN. The dashed line indicatesgheation between long and short-lag GRBs
atty31=0.75s.
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Figure5: Isotropic peak luminosityxX10°tergss?, 50-300keV) as a function of spectral lag. The dashed
line is the anti-correlation obtained for 6 bursts (diamsjrat known redshift [27]. The BNTEGRAL GRBs
with a redshift and measured lag are represented by opdeas;inecluding the SN burst GRB 031203. The
other low-luminosity SN bursts GRB 980425 and XRF 060218deatified and represented by squares and
the two GRBs without SNe by filled circles. The long-lag GREsWithin the dashed box if they are at
the adopted distance of 250 Mpc. The solid line is the propdasg-luminosity relationship for the low-
luminosity GRBs and extrapolates to short GRBs at low vabfdke lag, e.g. GRB 060614, which lies in
the region of the plot occupied by short GRBs. No k-correttias applied to the data.

are 36 Mpc and 145 Mpc, respectively, and these bursts wae been detected in the FCFoV of
IBIS to 135 Mpc and 290 Mpc. The association of the long-lagBSRvith the known low lumi-
nosity GRBs and with the supergalactic plane implies they tire at similar distances. The region
marked with a box on the lag-luminosity plot (Fig. 4 (b)) aains the long-lag GRBs if they belong
to the low luminosity population at an adopted distance &f Rfoc. The box contains the proto-
type low luminosity GRB 980425 and is bracketed on one sidéR{8 060218 and on the other by
GRB 060505 t ~ 0.4s) and GRB 031203r(~ 0.17s) and at short lag by GRB 060614 which lies
in the region occupied by short GRBs [29]. With a long lag02.8 s, GRB 980425 qualitatively

Table 2: Median properties of the 28 long-duration GRBs with a measus, 3 1, categorised into those
with short lags €231 < 0.75s) and long lagsrg, 31 > 0.75s.)
Short-lag GRBs long-lag GRBs

Fraction of NTEGRAL GRBs 17/28 11/28
Medianty;31 (S) 0.07 1.70
MedianTgp(S) 27 50
MedianFpea (ergent?s1) 2.0x10°7 40x10°8
Median Fluence (erg cnf) 20x10° 7.6x10°7
% within £30° SGB 41% 91%
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Figure 6: (a) INTEGRAL exposure map in supergalactic coordinates up to July 20@Ttdars in units

of kiloseconds). (b) The distribution dNTEGRAL GRBs in supergalactic coordinates; the open circles
represent short-lag GRB$,(.31 < 0.75s) and filled-in circles those GRBs with long lags, 1 > 0.755).
The 16 GRBs for which a lag could not be determined are derimtexh 'x’, as are the XRFs which do not
have a measured lag between 25-50keV and 50-300 keV, ankddhearst GRB 070707. Ten out of the
11 long-lag GRBs are withir-30° of the supergalactic plane.

follows the lag-luminosity trend but falls significantly Ibe/ the relation in Fig. 4 (b) [38], as do
GRB 031203 [10] and GRB 060218 [50]. The solid line in Fig. ¥lifithe proposed lag-luminosity
relationship for low-luminosity GRBs and is parallel to lhifted from the corresponding fit for
the long cosmological GRBs by a factorof1C2.

GRBs have a long lag when a typical value of 0.1 s is redshlfted large factor or alterna-
tively is an intrinsic property of a low-luminosity GRB sues GRB 980425 and XRF 060218. The
rate ofz> 5 GRBs in IBIS has been modelled [51, 52] and is unlikely to lmeenthan 1 or 2 GRBs
in 5 years of observations. The long lag is therefore takdretan intrinsic property of most of the
long-lag GRBs indicating their low luminosity. The possilithat low luminosity GRBs could
be part of the same population as cosmological GRBs or foraparate sub-energetic population
with a much higher rate has been considered [49, 53]. The laugnber of long-lag GRBs detected
with IBIS favours the latter conclusion and indicates tlost tedshift GRBs are dominated by the
low luminosity class.

We evaluate the rate of such GRBs over the whole sky using liveg8lag NTEGRAL GRBs
in the PCFoV at 50% coding (0.1 sr) over an exposure time ofadsy@adopting a distance of 250
Mpc and assuming that 2 of the 8 GRBs are not at low redshiftobt@in 2640 Gpcyr—1 which is
~25% of the local rate of Type Ib/c SNe [49]. The major uncetiain this estimate is the distance,
where a change of only a factor of 2 increases or decreasesuhiber by 8 to 21100Gpc3yr—1
and 330Gpciyr1, respectively. The rate of low-luminosity GRBs at the addptiistance of 250
Mpc exceeds the upper limit of 3% er 300 Gpc 3yr—1 of Type Ib/c SN producing GRBs, which
was derived assuming that all low luminosity GRBs would picela SN and be as radio bright as
the SN GRBs [49]. However, the low luminosity GRB 060605 hasssociated SN to faint limits
and is evidence for a quiet end for some massive stars [3&74A GRB may occur without a
corresponding SN being observed if tHf\i does not have sufficient energy to escape the black
hole or if the progenitor star has a low angular momentum.

The association of low luminosity GRBs with the supergatagalane is not proof that they are
associated with clusters of galaxies but indicates thatteta may play a role. It is interesting to
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note that the rate of Type la SNe is higher in elliptical gaain clusters than in field ellipticals by
a factor of~3 [55]. This effect is due to galaxy-galaxy interactionslumsters [56] either producing
a small amount of young stars or affecting the evolution amgerties of binary systems. In the
latter case, there should also be an increase in the metgafrahite dwarfs or a white dwarf with
a neutron star or black hole. A merger involving a white dvfarf, 58] should produce along GRB
that is likely to be fainter than the formation of a black himle&cosmological GRBs. There will be
no supernova in the merger of a white dwarf with a neutronatatack hole, and probably a faint
afterglow. In addition, the merger could take place in theritluster region without a host galaxy

if the binary is ripped from its host in the merger interactiovolving the cluster galaxies [59].
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