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ABSTRACT

We report on our statistical research of space-time correlated supernovae and CGRO-BATSE gamma-ray bursts. There exists a signif-
icantly higher abundance of core-collapse supernovae among the correlated supernovae, but the subset of all correlated objects does
not seem to be physically different from the whole set. The upper limit of the fraction of possibly correlated GRBs and SNe is of order

of a few percent.
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1. Introduction
1.1. Motivation

The origin and sources of gamma-ray bursts (GRBs) still re-
main a puzzle. It is generally supposed that their tremendous
energy could be released on a short time-scale during a col-
lapse of a massive star in a supernova-like explosion (e.g. Rees
& Meszaros 1992). There exist several pieces of indirect obser-
vational evidence supporting the connection between the GRBs
and the supernovae (SNe):

— There is, of course, a famous coincidence in space and
time between GRB 980425 and SN 1998bw. The proba-
bility of this coincidence just by chance is of the order of
10~* (Galama et al. 1998). Since that time we have seen
even stronger coincidence in the case of GRB 030329 and
SN 2003dh (Stanek et al. 2003; Hjorth et al. 2003).

— Several GRBs reveal a bump — a rebrightening — in a late op-
tical afterglow lightcurve (e.g. GRB 980326) (Bloom 1999),
it resembles an underlying SN (Galama at al. 2000). A recent
study shows that there could be a sign of an underlying SN
in all GRB optical afterglows of redshift less then 0.7 (Zeh
et al. 2005).

— Sometimes we can see SN-like spectral and color indices
behavior (e.g. GRB 030329 and SN 2003dh), in some
cases X-ray afterglow spectra show the presence of Fe (e.g.
GRB 991216, GRB 000214, GRB 990705) (Piro et al. 2000)
or other metal lines (e.g. GRB 011211) (Metger 1997) be-
ing also typical for SNe, but is not conclusive. Note, that the
existence of intensive and narrow Fe line requires a SN ex-
plosion before the GRB (Vietri & Stella 1998).

* Formerly IASF/CNR Bologna.
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— High column density in the circumburst medium around
some GRBs as well as irregularity of blue host galaxies also
indicate that GRBs could originate in star-burst regions or
star-forming galaxies (Bloom et al. 2002). But the distri-
bution of GRB radial distance from the center of the host
galaxy proved no positive correlation with SNe (Tsvetkov
2001; Blinnikov et al. 2000).

— The energetic balance and the GRB rate, both corrected for a
narrow collimation factor, yield a number of the order being
comparable to the order of the SNe number (Frail 2001).

We know that the distribution GRBs’ duration is bimodal
(Kouvelioutou 1993), dividing the GRBs into two groups: the
one of long durations (>2s) and the other one of short ones
(<2s). Due to the technical limits short GRBs are more difficult
to detect and localize, therefore no afterglow of a short GRB has
been detected yet (Matheson 2004) regardless whether these ex-
ist or not'. Neither it is not theoretically clear if the short GRB
can be produced in a SN-like explosion. Thus all the statements
above are valid for long GRBs only and we cannot a priori say
anything on the correlation between the short GRBs and the SNe.

1.2. Previous work

Supernovae have been associated with GRB since Colgate’s
model (Colgate 1974) which had been proposed during the time
of the discovery of the bursts. In recent years, models have been
proposed that GRBs are a collapse of a massive star, which
should also produce a SN. It is believed that massive stars can
produce a variety of energetic explosions ranging from tradi-
tional supernovae to energetic GRBs, and seemingly all points

! Very recently there is a new report of an optical afterglow observa-
tion for a short burst GRB 050509B (Bloom et al. 2005).
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in between. On the other hand, ordinary SNe come from neutron
star formation in a spherical explosion of a massive (more than
8 solar masses) star with little or no fall back. Failed or weak ex-
plosions in rotating stars give hyper-accreting black holes whose
jets can both explode a star in a grossly asymmetric way and pro-
duce a variety of high energy phenomena. Collapsar is a black
hole formed by the incomplete explosion of a rapidly rotating
massive star (Woosley 1993). In such a scenario, SN is produced
by every GRB, but not every SN produces a GRB. It is assumed
that the long duration GRBs are caused by the core collapse of
a massive fast rotating star with a massive accretion disk around
the forming black hole and a jet which bursts out through the
infalling material to appear as a GRB to an observer within the
beam. In such a case, all long duration GRBs should have a SN
appearing in the following month or so. This is however difficult
to observe since e.g. for the distance of z = 1 the underlying SN
would peak at magnitude 25 roughly 20 days after the burst. So
the SN will only appear as an inflection in decline of the after-
glow and can hardly be convincingly identified.

The various aspects of the SN-GRB relation have been inten-
sively studied and debated during past years. There is a growing
evidence (both direct and indirect) for SN-GRB association (see
e.g. Dar 2004 and Zeh et al. 2004, for a review). There are very
important cosmological implications. If GRBs are indeed associ-
ated with SNe, then the first bursts should have occurred shortly
after the first stars formed, at redshifts of z ~ 15-20. Bursts and
their afterglows should be indeed observable out to these very
high redshifts. GRBs can hence serve as a probe for the early
Universe — beacons to locate core-collapse SNe at very high z
and to study the properties of these SNe.

In this work, we focus on the analysis of possible time and
positional coincidences between catalogued SNe and catalogued
GRBs. Several analogous studies were published in the past (e.g.
Kippen et al. 1998; Wang & Wheeler 1998) however, in our
opinion, none of them was general and complex (or statistically
treated in a complete proper way). We consider in the present
work all known SNe without any restriction since, in our opin-
ion, any limitation would be in contrast with the main goal (com-
plex statistical approach) of the study.

In detail, the study of Kippen et al. (1998) was restricted to
brighter events only (brighter than mag 17) but this is in con-
trast with the observed OA statistics (their peaks are fainter than
17 mag in most cases) while Wang & Wheeler (1998) restrict
to SNe of known Ia, Ib types (but the OA may be also among
weak and unclassified SNe). In our understanding, any complex
study should take into account that the statistical significance of
the results of cross-correlations between the GRBs and SNe is
affected and limited by the following: 1) the positional uncer-
tainty of a quite large fraction of the GRBs is high; 2) the dates
of SN peaks in most cases are unknown; 3) the results of optical
SNe searches do not represent a full and homogeneous sample so
that many (and even a large majority) of the SNe may be missed
especially at faint magnitudes; 4) also the BATSE GRB catalog
we used (i.e., the one of BASTE, see Sect. 2.1 does not represent
the full and complete GRB sample since not all GRBs were de-
tected by this instrument; and 5) there is no systematic sky patrol
survey at magnitudes below 15 — i.e. the SNe found so far and
included in the SN catalogues are not found by all sky deep pa-
trol but rather by searches focusing on small pre-selected areas
of the sky, hence the SN catalogues include only a very small
fraction of SNe in the observable universe (Hudec et al. 1999;
Dar 2004; Zeh et al. 2004).

In the previous work by our group in this direction (e.g.
Hudec et al. 1999, 2001), we provided the basic cross-correlation
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(however, with no complex statistical approach) with the goal to
study in detail the parameters and properties of the correlated
pair objects found. We do not repeat this approach here. These
obvious limitations following from this analysis were due to the
incomplete and/or poor data especially for faint SNe.

For the correlations found, most of the related SNe represent
poorly investigated events with poorly known (and in many cases
even completely unknown) light curves, decline rates, color in-
dexes and no or limited spectral information, hence the decision
whether they could be related to the GRBs in question is diffi-
cult. The recent detections of faint OA of GRBs strongly support
and justify further extended and more complete searches for new
faint and variable optical objects especially at faint magnitudes
(18 and more).

Some of this information can be retrieved from deep archival
plates (some of the archival plate collections reach the limiting
magnitudes of 20 and even 23 such as ROE Edinburgh and TLS
Tautenburg, e.g. Hudec 1999) but a systematic deep CCD patrol
could provide more precise and much more complete database.

In the present work, we focus on complex and careful sta-
tistical treatment of the cross-correlated catalogs. This is a diffi-
cult task due to large positional inaccuracies of the large BATSE
GRB catalog and other influences such as the incompleteness of
the recent SNe catalogue — despite the fact that the number of
yearly detections of SNe is growing, the detection rate is still
very far from the estimate of about 10® SN explosions in the ob-
servable universe per day (Dar 2004). More accurately, the rate
of type Ib-Ic-II SNe has been estimated from their observed rate
in the local Universe (e.g. Van den Bergh & Tammann 1991) and
the star formation rate as function of the redshift, to be ~10s™!
in the observable Universe (Madau 1998).

1.3. The lesser number of well-localized GRBs
against the greater number of poorly-localized GRBs

Till today (May 2005) there are about 285 well-localized GRBs
detected but only 27% of them have an optical afterglow ob-
served (Greiner 2004) and only in cases of GRB 980425 with
SN 1998bw, GRB 030329 with SN 2003dh and GRB 031203
with SN 2003Iw (Gal-Yam et al. 2003; Malesani et al. 2004)
the correlation with a SN is more or less evident. Around 30%
(Greiner 2004) of GRBs are so called dark bursts with X-ray but
no optical afterglow detected even when followed by rapid and
deep Earth-based observation (Jakobsson et. al 2004).

A natural question arises why we do not see the sign of an
underlying SN to every rapid well-localized GRB observation
and vice versa. It may imply that only a fraction or a subclass of
GRBs is connected to SNe and vice versa. Because the number
of well-localized GRBs with the optical afterglow is statistically
small we decided to use a different approach. We left away the
idea of analyzing each single possibly correlated GRB or each
possibly correlated SN case by case; rather, we made a search
for coincidences of GRBs and SNe in space and in time and we
analyzed the results instead. We then looked for the correlation
investigating the statistical properties of the coinciding pairs.

2. Input data sample
2.1. GRB catalogue

We used the largest available complete catalogue of GRBs, the
current CGRO-BATSE GRB catalogue (the version from April
2004) (BATSE?) that provides calibrated data from the BATSE

2 BATSE
index.html

catalogue http://cossc.gsfc.nasa.gov/batse/
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Table 1. Spectrum of SNe pseudotypes in matched SNe. Symbol A indi-
cates pseudotypes independent matching, B sign matching with respect
to SNe pseudotypes. The number in parenthesis shows the number of
SN-GRB matched pairs in the match. Ngarsg gives the number of all
SN of each pseudotype in the BATSE era. The influence of the SN
pseudotype on the match and the motivation for introducing two sets
of matching parameters A and B is given with a detailed explanation in
Sect. 3.2.6.

pSClldOtyp A(gl) A(gl) B(]OS) B(lOS) NBATSE NBATSE
[%] [%] [%]
unknown 6 74 14 133 312 309
core 37 457 52 495 263 26.0
dwarf 38 469 39 37.1 435 43.1

experiment. It covers the time period of almost 10 years, from
1991 to 2000. For the purposes of our analysis we extracted the
unique GRB ID, the coordinates, the size of errorbox, the time
of detection, the duration in terms of Ty, the fluxes in 64 s, 256 s
and 1024 s integration time-scale and the fluences f; for all four
channels (1: 20-50 keV, 2: 50-100 keV, 3: 100—-300 keV and 4:
>300 keV). The catalogue consists of 2707 GRBs.

2.2. SN catalogues

The input data for the SNe were taken from the Harvard CFA?
and the Sternberg SAI* catalogue of SNe. We combined the data
and we used the following properties of the SNe: the unique ID,
time of discovery, the coordinates, visual magnitude at the time
of discovery, the relative offset from the host galaxy, the type
of the SN, the time of the maximum of the optical lightcurve
and the redshift. For the SNe with known redshift we derived
the radial distance from the center of the host galaxy r and the
absolute visual magnitude M using the following cosmological
parameters (Hy = 70kms™! Mpc™!, Q. = 0.3, Q, = 0.7) for
luminosity distance d; calculation. The total number of SNe is
2871, 2803 of them are provided with at least partial informa-
tion, 1010 of them in the BATSE era. None of the SN with no
detailed information belongs to the BATSE era.

2.3. Pseudotypes

There is a wide range of SN types in the input data. For eas-
ier manipulation and mainly for better control over the matching
parameters in the search for correlation (for further explanation
of A and B see later Sect. 3.2.6) we divided all the SNe into sev-
eral types, we call them pseudotypes. The abundance of pseu-
dotypes in the set of the SNe is listed in Table 1. Note that the
division is not disjunctive. For the purposes of our study it is
useful to simplify this division into three pseudotypes only: the
dwarf, the core and the unknown SNe (typewriter font is
used for pseudotype names.)

The dwarf SN is a SN deriving its physical origin from the
explosion of a white dwarf due to accretion of matter in a binary
system. It usually manifests as a type Ia SN. This kind of SN has
no theoretical or experimental reason to be linked with a GRB.

The core SN we call the SN which is believed to have its
origin in the collapse of the core of the single star into a neu-
tron star or/and a black hole. This simply covers the rest of the

3 Harvard a Smithsonian Observatory http://cfa-www.
harvard.edu/iau/lists/Supernovae.html
4 Sternberg Astronomical Institute http://www.sai.msu.su/sn/
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known types. At least some of these SNe could be theoretically
connected with GRBs.

The last type, the unknown SNe are the unclassified SNe we
have no information about the type. Of course, some of these
SNe could be also physically correlated with GRBs.

3. Search for the correlation
3.1. Introduction

We created a database from the selected catalogues and we
matched the catalogues to look for the space and time coinci-
dences. A SN and a GRB are matched together if they coincide
both in the space and in the time domain (see Sect. 3.2).

3.2. Determining matching parameters
3.2.1. The space domain

The situation is easy in the space domain: a GRB and a SN make
a pair if the location of the SN falls into the GRB errorbox which
yields 3¢ error.

3.2.2. The time domain

In the time domain it is not a priori theoretically clear what is
the time delay between an eventual gamma-ray emission which
could be interpreted as a GRB and the optical emission observed
as a SN. For our simplicity we postulated the time of the opti-
cal emission to be the time of the maximum Ty, of the optical
lightcurve of the SN.

Unfortunately only a tiny fraction of all SNe provides an
information about the date of the maximum 7. (0.14%). We
solved this problem statistically and we assumed the time delay
between the time of the maximum 7 p,x and the time of the dis-
covery Tgisc to be the median My,,x = —4 days of the distribution
of all time delays between the time of maximum and the time of
the discovery wherever it is known (see the plot in the Fig. 1).
Thus for the SNe for which the time of the maximum is miss-
ing we computed it as Tiax = Tdgisc + Mmax. The value of the
median does not differ significantly (+1) day for dwarf and core
pseudotypes.

The time delay T5 = T, — Tmax between possible prompt
gamma emission 7, of the SN and its optical emission T, may
depend on the type of the SN. The positive time-shift means that
the optical emission comes later than the gamma emission, the
negative means the opposite. We take this into account during
the division into pseudotypes. We represent the time delay 75 as
the Gaussian fit of the distribution of the time delays within the
pseudotype. It is characterized by two values: the mean value
1y for the mean time shift and the half-width of the time win-
dow Teror Which is Gaussian 30, error. Generally this could be
written as

Ty = (Tomax + 1) + 307,

We tried to make the best possible estimate of the time-window
parameters for each pseudotype.

3.2.3. Dwarf supernovae

Mainly because of the usage of the SNe of the type Ia as the
cosmological lighthouses, these are already well understood and
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Fig. 1. Histogram of time delays between maximum SNe and its dis-
covery for all the SNe where the data are available.

several templates of type la SNe are known. The typical time de-
lay Ts can be estimated for the dwarf SN as a relatively narrow
time interval Ty = (Tmax — 20 + 7) days (Petschek 1996).

3.2.4. Core supernovae

In the case of core SNe the estimation of the time delay T is
more problematic. For a classical SN we expect that the high
energetic photons can escape the exploding envelope of SN ear-
lier than the less energetic photons at the optical wavelengths.
Although there is a progress in understanding the models and
simulations of the SN core-collapse were made (Janka & Rufert
1999; MacFayeden et al. 1999; Drago et al. 2000), the time
delay is not theoretically known. The exact value is a compli-
cated and very sensitive function of the star mass, the metalic-
ity, the circumstellar environment, the rotational and electromag-
netic properties of the star and, of course, it depends on the used
model. We do not know these parameters and their calculation
would be far beyond the scope of this paper. There exist several
observations of a core-collapse SN in which the time delay be-
tween gamma and optical emission is around 14 days (Koshut
1996).

We chose the typical values of the time delay to be T, =
(Tmax — 0 £ 30) days. The negative time shift corresponds to the
possibility of a supranova model as well (Vietri & Stella 1998).
In the supranova model the SN first explodes and then it leaves a
rotating neutron star. After the system reaching the critical value
of energy, the remnant collapses into a black hole. Then, during
the second explosion, a GRB could be produced.

Both sides of the range of the time interval could be theoret-
ically extended up to several months, even years if special initial
conditions of the core-collapse system are used, but a larger time
window than about +1 month would erase all correlations due to
the statistical errors. Note that we assume only a small fraction
of correlated pairs to be found, if any.

3.2.5. Unknown or uncertain supernovae

For the SNe of unknown or uncertainly determined type we used
a statistical estimation of the time-shift and of the width of the
time-error. Another uncertainty lays in the Ty, estimation. All
this is described by the magicx number (see Table 2). The larger
uncertainty, the larger the time window is. For each pseudotype
we assume the Gaussian distribution of the probability of the
time delays Ts. We calculated the weighted average of all
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Table 2. The explanation of magicy parameter and the number of
counts of SNe.

magicy #SNe #SNparsg sense

0 68 68 unknown discovery time = no knowledge
1 1056 238 statistically guess f,x, unknown type
3 107 9  sure of £, unknown type
5 108 39 statistically guess #m,x, Unsure type
7 8 5 sure of £, Unsure type
13 1245 540 statistically guess #;,x, sure of type
15 279 107  sure of ., sure of type

Table 3. Used time window intervals for each SN pseudotype and
magicy.

magicy Acore Adwarf  Aunknown
[day] [day] [day]
0 _ _ _
1 - - [—24; 53]
13 [-67;67] [-24;64] -
15 [-30;30] [ 18;22] -
3 - - [-24;61]
5 [-61;74] [-51;85] -
7 [-27;36] [-23;61] -

contributing densities of the probability for every configuration
of the magicx with respect to the level of uncertainty we had in
determining the SN properties. As the weight we used the abun-
dancy of the pseudotype in the catalogue. For the match we used
the best Gaussian fit of the sum of the probability densities. We
summarized the values of the parameters used in the match in
the Table 3. A graphical representation of the building of the
time-delay probabilities is shown in Fig. 2.

3.2.6. Two sets of matching parameters

Not all the SNe have their type defined, some of them are defined
with doubts. Some of the SNe could also have been classified
inaccurately. Of course, there also is a non-zero probability that
a small fraction of faint SNe has been misclassified at all and
these SNe were unrecognized GRB optical afterglows (Hudec
et al. 2001). The matching process itself reflects the effect of
the division of the SNe into the pseudotypes. It results in the
different size of the time window and in the different expected
value of the matched pairs used for each pseudotype. The larger
time errorbox of the particular pseudotype is, the greater number
of matched pairs of this kind. To measure this effect it is useful
to do the matching separately for two different sets of parameter
settings: we denote A for the parameter set which is independent
on the pseudotype of the SN and B for which is not.

While in the case A we used the values described above,
for B we used the constant time delay 7, = (Tmax — 0 + 30)
days regardless of the pseudotype. It agrees with the fact that
the bump in the optical afterglow usually appears within several
days or weeks after the burst (Greiner 2004). However, this is
a one-way limit. The negative boundary covers the possibility
that the optical emission precedes the gamma phase, e.g. in a
prompt preburst optical emission of GRB (Paczynski 2001) or
the supranova model of GRB (Vietri 1998).

We notice, that due to the nature of the GRB detection, it
is not possible to monitor the entire sky continuously and a
“beforeglow” has been never seen. But it does not reject the pos-
sibility of any preburst optical emission and the negative time
delay is worth to be assumed as well.
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Fig. 2. Composite density of the probability of the time delay between
the gamma emission and the maximum of the optical emission for SNe
for which the type is uncertain (?), determined statistically (S) or un-
known. The resulting Gaussian fit of the weighted average is shown
(filled).

For both A and B a change of the width of the time win-
dow in the interval of the value of 60 days effects the number of
matched pairs linearly. We investigated that there is no critical or
preferred value up to the size of the time window of ~100 days,
see the Fig. 3.

4. The match itself and analysis of the results
4.1. Correlation in space and in time
4.1.1. Theory

The missing part of many similar studies is the discussion of the
obtained number of possibly correlated pairs. If we take one par-
ticular GRB randomly, the probability that there is a SN inside
the errorbox of the chosen GRB within the given constant time
window is

PGre-sn = Pphys + Prand — PphysPrand

where Pppys is the probability that the GRB falls into the errorbox
because of the real physical correlation, and Py,nq is the proba-
bility of the random coincidence Piyng.

We assume that only a fraction f of GRBs and SNe is phys-
ically correlated. If we could have an ideal observation with no
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Fig. 3. Effect of time window size for count of matched GRB-SNe
pairs.

limits, we would have seen a SN to every correlated GRB (if any
and vice versa) and we would get Pppys = f.

But the reality is that a SN could be too faint to be observed
(due to the extinction in the galactic plane, bad weather con-
ditions, detector limits etc.) A GRB could also be out of the
BATSE detector range or out of its field of view. Note, that at
one time BATSE can cover about 50% of the sky and the GRB
is a rapid and transient event. Since the angular distribution and
the detection rate of GRBs are isotropic, the angular distribution
of SNe is far from being isotropic (due to the absence of com-
plete sky SN survey, the obscurity with the galactic plane, several
campaigns run, etc.) The detection rate of SNe is not isotropic
but exponential in time.

4.1.2. Catalogue rotation

Due to the limits of non-ideal observation the probability
Pgrp-sn of finding a SN within the errorbox of the chosen GRB
is not the same as the probability Psn-grp of finding a GRB with
a proper errorbox for the chosen SN. Even more none of these
probabilities yield the expected number of the matched pairs in
the terms of the matching criteria described above.

It would be useful to compare results of the real match with
an artificial match between a GRB catalogue and a SN cata-
logues where is no physical correlation ad hoc. The best method
to generate such catalogues of the same statistical properties is
to take the original GRB one and rotate the GRB coordinates
along the all three axis for (e, B, y) in the term of Euler angles.
Thus we generated artificial GRB coordinates uniformly accord-
ing to the isotropic distribution of the GRBs. By this technique
we erase all the physical correlation artificially, if any, but the
statistical properties remains unchanged. Note, that we need one
catalogue to be isotropic, in our case the GRB one.

4.2. Number of pairs
4.2.1. Theory

First we compared the number of the pairs from the real match
with the mean result of the matches between artificial catalogues
generated using the rotation method over different values of the
rotation angles (a, B, y). If there exists an additional physical
correlation apart from the random one, the number of matched
pairs will be higher in average when the real data set is used.
The question is how small the correlation factor f could be
to be detectable by this method. To test this we created artificial
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Table 4. Summary of multiple matched SNe and GRBs. Symbol A de-
scribes SN pseudotype independent match and B describes matching
with respect to SN pseudotype. In the bracket are counts of unique
appearance of object in matched pairs.

A B
appearance  SNe(81) GRBs(77) SNe(105) GRBs(99)
Tx - - - 1
6% - - - 1
5% - - - 1
4x - 1 - 1
3% 1 2 2 1
2% 9 8 18 12
1x 71 66 85 82

Table 5. Compare result of matching SN pseudotype independent
match (A) and matching with respect to SN pseudotype (B).

77  pairs are in both matches, A and B
15  pairs of A are not include in B
50 pairs of B are not include in A

8  GRBs of A pairs are not include in B pairs
31 GRBs of B pairs are not include in A pairs
14 SNe of A pairs are not include in B pairs
40  SNe of B pairs are not include in A pairs

data set in the term of the catalogue rotation. The GRB error-
boxes were taken a) randomly from the distribution of the real
GRB errorboxes b) to be the median of the GRB errorbox distri-
bution. (We denote the distribution of the errorboxes as p.) Then
a fraction p of GRBs is set to be artificially correlated to a ran-
domly chosen (but unique) SN in the meaning of the space and
time condition used in the real matches A and B. The values of
p ran from p = 0 (no correlation) to p = 0.14. We can see the
average number of the matched pairs in the artificial catalogues
as well the 1o errorbars. The cross-section of the errorbars with
the constant number of the pairs found in the real match shows
the limit put on our search.

4.2.2. Results

The results of real matching we had run for the set of the param-
eters A and B are listed in Tables 4 and 5. We obtained 92 of
possibly correlated pairs in the case A and 127 in the case B.
The sky maps illustrating the results are plotted in Figs. 4 and 5.
Difference between A and B case are described in Table 5.
Multiple matched GRBs and SNe are summarized in Table 4.
The histogram of results of the match for 295 rotations both
for A set of the parameters is shown in Fig. 15.

In both cases we found that the number of matched pairs
is less than the average number of matched pairs as they were
derived from the rotations, but in both cases (A and B) they lay
within 1o error.

The detailed view in the Fig. 6 shows that in the case a) if
there is any correlation, it is close to p ~ 0 for both A and B in
the meaning of 1o. In the B case the number of pairs from the
real match is even below 1o of zero number of the coincidences.
If we enlarged the errorbars to 30 we get the maximal value of
the fraction of the physically correlated pairs p ~ 0.008 both
for A and B. In the case b) (Fig. 7) we got the limits p ~ 0.011,
resp. p ~ 0.015 for A, resp. B in the meaning of 1o. We got
p ~ 0.018 resp. p ~ 0.022 for A resp. B.

But the zero point in the case b) is shifted against the
completely disrupted data in the meaning of the mean of the
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Fig. 4. Matched GRB-SNe pairs for the case A independent on SNe
pseudotypes.

Fig. 5. Matched GRB—SNe pairs with respect to SNe pseudotypes — the

case B.
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Fig. 6. Simulation of GRB—SNe pairs matching for defined artificial co-
incidence, SNe pseudotypes independent case. Horizontal line shows
count of real matched pairs.

distribution of the catalogue rotations. The shift is caused by the
difference between the mean errorbox and the median errorbox.

We checked whether there is a higher abundance of the pairs
with the core SN in which the optical SN emission precedes the
GRB (corresponding to the supranova model) or the opposite
(classical collapsar scenario). There is only a slight preference
of the collapsar model Neoitapsar/Nsupranova ~ 1.3, but it is not
significantly high enough to reject the supranova model neither



J. Polcar et al.: Search for correlations between BATSE GRBs and SNe

400 T T T T T
350 H%
£ 300} H%ﬁ o
< 250 1 H L7
: t %%"%{% 3R
[S] | T — 1 T Sk
g 20 %EE ok ok
Z 150 —E b LExXT B _
g /<> e S S T
g 100 kXA 7
50 X2 real p —— -
| | | me(lhan of p ILfoJ
0.000 0.005 0.010 0.015 0.020 0.025 0.030
probability

Fig. 7. Simulation of GRB-SNe pairs matching for defined artificial co-
incidence with respect to SNe pseudotypes. Horizontal line shows count
of real matched pairs.

to prove the collapsar model. For the more detailed discussion
see (Topinka & Polcar 2006).

4.3. Correlation tests
4.3.1. Theory

We assume that if there exist any physically connected pairs
of GRBs and SNe, then the physical properties of these GRBs
and these SNe are not independent. It is useful to test it. We
generated two sets of artificial data again, the set of GRBs and
SNe with a fraction of artificially created pairs, where one of the
physical properties from the first catalogue is artificially corre-
lated with another from the second catalogue by setting a poly-
nomial dependence between them. For correlation coefficient
Kcoor Of two random values &) and &, we can write

D(£1,8)

0102

Kcorr(é:l»é:Z) =

where

D(&1,&) = E(61,&) — E(EDE(&)

(E(¢) is mean value of &), o is dispersion of random value &;
and o, is dispersion of random value &,. Correlation coefficient
is from interval [—1, 1], value K. (€1,£2) = 0 means uncorre-
lated random values &; and &, value |K.o(€1,£2)] = 1 means
fully correlated &; and &;.

4.3.2. Results

We searched for the correlation between the physical properties
of the matched GRBs and the matched SNe in the term of the
correlation test described above. We compared the result of the
test between the real data and a sample of artificially made pairs
created by the catalogue rotations. We achieved the Gaussian fit
for each correlation distribution.

The physical quantities of the highest absolute values of the
correlation coefficient K, are listed in the Table 6 for the case A
and in the Table 7 for the case B, the corresponding plots of the
density probabilities of K, for the random generated GRBs and
SNe is shown in Fig. 8 for A (the plot for B is not shown). The
Ko for the real data is marked by the dashed vertical line.

For the purposes of this tests we assumed that the GRB and
the SN in the pair share their properties together, e.g. the SN red-
shift becomes the GRB redshift as well. These properties are not
independent anymore.
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Fig. 8. Density of probability of most correlated quantity of matched
pairs of random GRB-SN. Vertical dashed lines shows real Ko

Table 6. Results and parameters of the Gaussian fit for the correlation
tests between the GRB/SN quantities in the matched pairs (case A).

Fig.8 SNeq. GRBgq. Keornr u o
A m h2s 0.211 -0.0087 0.209
B r Fes -0.302 -0.0141 0.225
C r f -0.208 0.0001  0.230
D M To 0.234 0.0119 0.171

Table 7. Results and parameters of the Gaussian fit for the correlation
tests between the GRB/SN quantities in the matched pairs (case B).

SNeq. GRBaq. Reor u o
r Fe4 -0.249 -0.0056 0.181
d b 0.225 -0.0131 0.178
r 5 -0.217 -0.0128 0.190
r b -0.188 —-0.0030 0.196

The values obtained from the non-rotated real pairs are nor-
mal within 30, which is of 99.7% significant level even for the
most correlated quantities. If there were any physically corre-
lated objects among the matched pairs they would not affect their
partner in the pair dramatically.

The relatively high value of the correlation coefficient Ko
found in some cases does not seem to have any physical reason
in case of correlation e.g. between the distance of the SN from
the center of its host galaxy r and GRB flux Fg4. The correlation
test did not prove any positive or negative correlation.

4.4. Short versus long
4.4.1. Theory

We tested the sub-sample of the matched pairs on the ratio of
short to long GRBs among the possibly correlated pairs with
respect to the whole sample of all GRBs from BATSE. It is be-
lieved that the short GRBs are of different physical origin from
the long GRBs. Both of the two examples of GRB-SN corre-
lation (SN 1998bw and SN 2003dh) as well as the other sus-
picious GRBs with the signs of an underlying SN observed are
connected to the long GRBs. We cannot say if it is due to the
selection effect or if it is because of their physical nature.

We split the GRBs into two groups according to their Tyg.
We made the rotation test again and investigated whether the
ratio between the short and the long ones differs from the real
match case.
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Table 8. Statistic parameters of distribution of size of errorbox for long
and short GRBs.

Top <2s Too>2s
count 497 1540
minimum 0.63° 0.09°
median 6.10° 2.33°
maximum 23.09° 26.56°
mean value 6.77° 3.15°
standard deviation 4.05° 2.84°

4.4.2. Results

For A set the ratio between the number of the short and the
long GRBs in the match Ry = Ngwort/Nong = 1.057, for B
it yields Rg = 1.023. However, this ratio for all GRBs in the
whole BATSE catalogue (for the burst with Tqy defined) yields
R =0.323.

The relative number of short GRBs in the sub-sample of the
GRBs possibly correlated with SNe is three times higher than in
the whole GRB catalogue (see Fig. 9).

This result is rather misleading. The answer is hidden in the
fact that the short GRBs are harder where the anti-correlation be-
tween the hard to soft ratio and the duration Ty is clearly seen
(Kouvelioutou 1993). The harder spectrum influence on the pre-
ciseness of the localization and thus the short GRBs have larger
errorboxes in average. The statistical properties of the GRB er-
rorbox distribution are listed in Table 8 (see the Fig. 10). This
means that the probability of a match should take into account
the size of the errorbox. This is the reason for higher abundance
of the short GRBs in the real match in comparison to the ran-
dom case simulated by a set of the rotation tests. This argument
is demonstrated in Fig. 9.

The sum of the abundance of the short and the long GRBs
normalized to the number of all GRBs is not equal exactly to
unity, because there are a few GRBs which repeat in the sample
due to multiple coincidence in the match and a few GRBs are
provided with no Ty information. This is also a reason why the
mean relative abundances of GRBs of one sort are not in the
same ratio of the mean surfaces of errorboxes.
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4.5. Kolmogorov-Smirnov
4.5.1. Theory

An interesting question is whether the fraction f of physically
correlated (if there is any correlation) SNe and GRBs differs
from the rest of the sample of their kind, or not. If they do,
the sub-sample of the possibly correlated SNe and GRBs will
show the excess against the whole sample in the meaning of the
difference between the cumulative distribution functions (CDFs)
of the sets. We investigated it using Kolmogorov-Smirnov (KS)
test.

We tested the following properties of GRBs: the dura-
tion Tqp, the fluences f> and f, the hard to soft (h2s) ratio de-
fined as f3/f> and the errorbox radius p and, the following prop-
erties of SNe: the absolute and apparent visual magnitude M and
m, the redshift z and offset from the host galaxy r.

4.5.2. Results

The results of the KS test are shown in Table 9 for SNe and
in Table 10 for GRBs, the numbers of objects available for the
analysis are included. They are also plotted in the Fig. 12 for
SNe. The lower boundary of the validity of the KS test is at least
~80 objects in the data set to give significant results. It not al-
ways fulfilled (e.g. in the case A the number of the objects for
some quantities is N ~ 50 only).

Note, that all the SNe in the catalogue are relatively close
SNe with the the median zgy = 0.02 (and the mean value is
Zsn = 0.12) and the distance up to zsy = 1.70. The median of
the distance distribution of all GRBs, for which the redshift is
known, is zgrg ~ 1 (Greiner 2004). If there are some physi-
cally related pairs among the possibly correlated matched pairs
they come from relatively nearby Universe and they are less
affected by the cosmological effects (Hubble expansion). Thus
they should be brighter, shorter and harder than the average class
member in the statistical meaning (Fenimore & Bloom 1995)
(e.g. GRB 030329 is not shorter neither harder e.g. GRB 030329
at z = 0.169 is not shorter neither harder).

Although, as seen from the Fig. 11, the GRBs from the
matched pairs are harder and shorter than the average, but the
Fe4 of these GRBs is not higher than the average. We conclude
that the higher abundance of the harder and shorter GRBs among
the possibly correlated matched ones is due to the selection
effect caused by relatively larger errorboxes of short GRBs. The
influence of the size of the errorbox is discussed above.
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Table 9. Results of KS test of SNe physical parameters (most corre-

lated).
quantity KS(A) N(A) KS(B) N(B)
M 6.50 x 107! 78 5.81 x 107! 104
dp 1.78 x 107! 79 8.34 x 1073 105
z 1.78 x 107! 79 8.34 x 1073 105
1.93 x 107! 91 6.51 x 107! 126

2.43 x 107! 63 2.53 x 107! 79

~ 3

Table 10. Results of KS test of GRBs physical parameters (most corre-

lated).
quantity KS(A) N(A) KS(B) N(B)
Too 477 x 107° 68 2.49 x 10710 90
fa 4.85x 10712 43 0.00 62

f 4.63 x 10710 43 8.44 x 1071 62

Fes 6.54% 102 43 408x103 62
h2s  438x103 40 823x10* 60
P 0.00 92 0.00 127

4.6. Relative abundance of pseudotypes
4.6.1. Theory

As it was already mentioned, according to the hypothesis of the
GRB-SN connection the physical correlation — if any — between
GRBs and SNe is expected for the core SNe only. We studied
the spectrum of SN pseudotypes in the set of the possibly corre-
lated SNe with respect to all SNe. We tested whether the relative
abundance of the core SNe differs from the whole SN catalogue
and whether it differs from the results when artificially created
catalogues were used.

4.6.2. Results

The spectra of the pseudotypes both for the cases A and B of
the match are shown in Table 1. The total number of objects is
related to the BATSE era. Because we have the multi-matched
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Fig. 12. Differences of CDF of chosen parameters of SNe. Dashed lines

are for matched SNe, solid for whole population. Situation for SNe
pseudotypes independent matching.
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SNe pseudotypes independent matching.

SNe among the matched pairs, the number of the matched SNe
differs from the number of the matched pairs. First we neglect
the unknown SNe and we compare the relative number of the
core SNe to the relative number of the dwarf SNe among the
matched ones. We see that the relative abundance of the core
SNe is more than twice as high as the relative abundance among
all SNe in the catalogue. Note, that the angular distribution of
the dwarf and the core SNe is not significantly different.

To exclude the various possible selection effects and to prove
the higher number of the core SNe among the coinciding pairs
we compare the results of the real match with artificially ran-
dom SN and GRB distribution we can generate using the rotation
method again.

In the case of artificially built catalogues we see a significant
difference between the A and B sets of parameters. This is due
to the different size of the time window in the case A, where the
core SNe are preferred by a larger size of the time interval. If
we correct the results for the different size of the time interval,
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using the weightened average of the the size of the time window,
the discrepancy becomes minimal.

However, the relative abundancy of the core SNe in the real
match still remains different from the distribution of the relative
abundances in the random cases. The distribution of the abun-
dances of the core SNe in the artificial data set is Gaussian up
to 97.8% in the meaning of KS test and the relative abundance of
the core SNe in the real match is out of 30 interval. It is inter-
esting to mention, that the relative abundancy of the dwarf SNe
in the real match is approximately the same as in the random
case. The higher relative number of core SNe in the real match
is to the prejudice of the unknown SNe.

It may be a consequence of the real physical correlation be-
tween the GRBs and core SNe or we encounter another version
of a selection effect, namely the hypothesis that the suspicious
SNe which are located in the vicinity of a GRB were inspected
more carefully than the others.

4.6.3. Ib/c pseudotype

Apart from the analysis of the relative abundancy of the ma-
jor (dwarf and core) pseudotypes we can test for the minor
pseudotypes as well. The most discussed type of SNe, possi-
bly physically correlated with GRBs in general, is the type Ib/c
(Berger et al. 2003). Our result is shown in the Fig. 16.
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Unfortunately the number of the objects among the matched
pairs is too small to say any considerable conclusion. For a more
detailed discussion of the results of the Ib/c abundancy among
the matched pairs according to a recent revision of Ib/c SNe
(Berger et al. 2003) see (Topinka & Polcar 2006).

4.7. Isotropic energy equivalent

Assuming that the matches are due to the real correlation and as-
signing redshift of the SN to the GRB for every matched pair we
can derive corresponding GRB isotropic energy equivalent (IEE)
radiated in gamma-rays (using standard cosmology parameters
Hy = 70kms™' Mpc™!, Q, = 0.3, Qp = 0.7). The peak of
the distribution of IEE for matched pairs is similar to the IEE of
SN 1998bw ~8 x 10*7 erg (Fig. 17). But IEE is more sensitive to
the redshift variations than to the fluence variations, thus a rel-
atively narrow redshift distribution can cause the accumulation
of values around the value derived for average GRB fluence at
an average SN distance. We can hence deduce that there may
be other unrevealed SN 1998bw-like among the BATSE GRBs.
However the IEE distribution for the real match is not signifi-
cantly different from the one for the random match. The number
of the pairs matched due to the physical link is below the level
of resolution of such a test. It could also mean that coincidence
between SN 1998bw and GRB 980425 was just accidental one.

The mean IEE of matched GRBs is four orders of magnitude
lower than the average GRB IEE, which means that assuming
their connection with the matched SNe we most probably under-
estimate their distances and thus the connection is not real for
most of the matched pairs.

5. Conclusion

We have performed the search for the correlation between
BATSE GRBs and SNe. All the results depend on the validity
of the matching condition. If the matching criteria are at least
partly valid then the obtained results are relevant.

We found 92 possibly matched pairs of a GRB and a SN
for the SN type dependent on matching criteria (the case A)
and 127 pairs for the matching independent on the SN type (the
case B).

All the results were tested whether they are normal or they
show an excess from the random distribution of the objects of
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the same type. We artificially generated the random catalogues
with the desired statistical properties, e.g. with the same statisti-
cal properties as the real catalogues, using the technique of cat-
alogue rotation.

There is an upper limit for the fraction of the number of phys-
ically correlated GRBs and SNe of order of a few per cent. From
the analysis of the number of the matched pairs we can conclude
that if there ever exists any correlation between BATSE GRBs
and SNe it is smaller than this limit.

If one assumes that GRBs are highly collimated and that
there is a corresponding GRB to every detected (spherically ex-
ploding) SN — even when the GRB is not observed for the rea-
son that the GRB jet “misses” a detector — we can put the up-
per constraint on the size of the GRB jet angle. Assuming the
BATSE sky coverage about 50% we get the maximal jet-size of
around 8 = 17 deg from the resolution limits of our match tests.
It is within the range of generally accepted values (Friedman &
Bloom 2004)

Even in the case of a real correlation the physical properties
of the GRBs from the sample of the matched GRBs would not
be significantly different from the rest of all GRBs, i.e. none of
the physical properties of the sample of the possibly correlated
SNe would be significantly different from the rest of all SNe in
the meaning of KS test. Neither the closer study of GRB energy
distribution indicated any hint for real correlation. Although the
IEE of GRB980425 fits well into general IEE distribution it is
not relevant within the framework of the tests we did. If there
is any it smeared out due to the quite low fraction of physically
correlated pairs.
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We searched for the correlation among physical properties of
the suspicious objects within the pairs, but neither positive nor
negative correlation was found.

An interesting result comes from the spectrum of the
SN pseudotypes. There is a higher abundance of the core SNe
originating from the core-collapse than in the average SNe dis-
tribution in the meaning of 30. The possibility of the influence
of the selection effect by the size of error boxes was excluded.

There is also a higher abundance of type Ib/c SNe among the
matched pairs, but the size of the sample is statistically small.
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