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ABSTRACT.

The results of a study of 43 peaked R-band light curves of optical counterparts of

gamma-ray bursts with known redshifts are presented. The parameters of optical transients were
calculated in the comoving frame, and then a search for pair correlations between them was conducted.
A statistical analysis showed a strong correlation between the peak luminosity and the redshift both for
pure afterglows and for events with residual gamma activity, which cannot be explained as an effect of
observational selection.This suggests a cosmological evolution of the parameters of the local interstellar
medium around the sources of the gamma-ray burst. In the models of forward and reverse shock waves,
a relation between the density of the interstellar medium and the redshift was built for gamma-ray
burst afterglows, leading to a power-law dependence of the star-formation rate at regions around GRBs

on redshift with a slope of about 6.
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1. INTRODUCTION

Until now, about 250 gamma-ray bursts (GRBs) with
measured redshifts are known [T}, [2]. Optical R-band
light curves with distinct peaks have been obtained
for 43 cases only. These are the most interesting ob-
jects for detailed analysis, as the presence of a peak
allows us to identify the moment of shock wave decel-
eration in the interstellar medium, which reflects the
parameters of the interstellar medium. Among 43 such
events, 11 are prompt optical peaks (P), coincident
with gamma-ray activity (three events that may not
be unambiguously classified as P were signed as P?),
22 are pure afterglows (A), and 10 more carry the sig-
natures of an underlying gamma-activity (A(U)). The
latter group are events with continuing gamma-ray
activity during the afterglow onset. Detailed results
of the investigation of correlations of different pairs of
GRBs parameters in these subsamples are given in [3].
In this paper, we present an analysis of connections
between several optical characteristics of GRBs in the
source rest frame and their redshifts.

2. OBSERVATIONAL DATA

R-band optical data, as well as other parameters of
GRBs, were taken from publications dedicated to spe-
cific bursts: GRB 990123 [4], GRB 050820A [5] [6],
GRB 050904 [7, 8], GRB 060418 [9], GRB 060526 [10],
GRB 060605 [11], GRB 060607 A [12],GRB 060729 [13],

GRB 060904B [14], GRB 061007 [I3], GRB 061121
[15], GRB 070411 [16-H22], GRB 070419A [23], GRB
071010A [24], GRB 071010B [25], GRB 071025 [26],
GRB 071031 [27], GRB 080129 [28], GRB 080210
[29-33], GRB 080310 [34],GRB 080319B [35], GRB
080603A [36], GRB 080710 [37], GRB 080810 [38],
GRB 080928 [39], GRB 081007 [40], GRB 081008 [41],
GRB 081203A [42], GRB 090313 [43], GRB 090530
[44,[45], GRB 090726 [46], GRB 090812 [47, [48], GRB
091029 [49], GRB 100901A [50], GRB 100906A [50],
GRB 110205A [51], GRB 110213A [52]. The initial
observational parameters were as follows: the spec-
troscopic redshift z, the peak optical flux F,p¢, the
integral optical flux S,p¢ defined by numerical inte-
gration of light curve Fi,(¢), the time of the peak
onset relative to the GRB trigger tpcak, the width of
the optical peak tyiqtn as the duration of a light curve
interval with flux exceeding 0.9F¢, the exponents oy
and aq of the growth and decay of the optical light
curve Fope o< t* and Fype oc 7%, the GRB peak
gamma-ray flux Fis,, the GRB integral gamma-ray
flux Siso, the GRB duration tgg and the photon index
of the spectrum in the gamma-ray range «. Parame-
ters of GRBs are taken from [53].

Considering galactic extinction and host galaxy
brightness, and using the k-correction k(z) for the
average index of optical spectrum S = 0.75 [54],
F, « v=? in the standard cosmological model with
Om = 0.3, Qx = 0.7, Hy = 70kms~" Mpc~!, we

259


http://dx.doi.org/10.14311/AP.2014.54.0259
http://ojs.cvut.cz/ojs/index.php/ap

G. Beskin, G. Oganesyan, G. Greco, S. Karpov

AcTA POLYTECHNICA

T T T T T T T

—
4 A A
1 A o AU
6 A P
8_' X A P? ]
L A
10 A 4
121 2 . :
o 1 A ® o 42 ®
14 4 o) u ° 4
1a g © a2 A2 e =
16 A L 5§ Cg" % i
]2ame 5, . ST 5
184 5 ® E‘ . io; O = i
1 o =] T ®8b
20 .
] A
22 T T T v T T T T T T T T T T
0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9
log(z+1)

FIGURE 1. Peak and initial optical magnitudes vs.
redshift: coefficients of correlations, SL.
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FIGURE 2. Peak optical luminosity vs. redshift: coeffi-
cients of correlations, SL, parameters of linear regres-
sion.

obtained the following parameters in the rest frame
of the source: the maximum optical luminosity Lopt
as Lopt = 41 D?k(2) Fypt (where D is the luminosity
distance), the isotropic equivalent of optical energy
Eopt as a numerical integral of Ly (), the time param-

tpeak

twi
eters Tpeaka Twidth as Tpeak = +z)’ Twidth = idth

1+z)?
and, in the gamma-ray range, Lis,, Fiso from( E{)ﬂ,
Ty = (fj_—oz) For the bursts whose host galaxy ex-
tinction AR is not available, the mean value of A
was utilized instead, using the Ay data collected in
the golden sample presented by [65]. These data were
divided into five redshift ranges and for each interval
the corresponding mean value of Ay was obtained.
Using these estimates along with the dependence of
absorption on wavelength in SMC [56], the Ar for
each burst was computed. The formulae for con-
version from the observed frame to the rest frame
are taken from [3]. Table |2| presents all pair correla-
tions with unweighted Pearson correlation coefficients
R > 0.5 and significance levels SL better than 0.01,
and the coefficients of the corresponding linear regres-
sions.
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FIGURE 4. SFR vs. redshift correlation.

3. RESULTS AND DISCUSSIONS

To prove that the correlation between peak optical
luminosity and the redshift is not caused by selection
effects, we plot (Figure [I) the R-band apparent mag-
nitudes of all bursts at the initial moment of optical
detection (empty symbols) and at the moment of max-
imum (filled symbols) versus the redshift. Note that
the signatures of selection effects should be searched
for in the set of initial brightness estimates in the first
place. Let us discuss whether they are present in our
data.

(1.) Obviously, if the rest frame luminosities of sources
do not increase with the redshift (i.e., the luminosity
is the same on all z), then the apparent brightness
(flux measured by the observer) will decrease at
least quadratically with (1 + z). At the same time,
(Figure [I) demonstrates a significant increase in
brightness at z > 3, both for the moments of detec-
tion and for the peaks.

(2.) For both large (z > 3) and small (z < 1) redshifts
the objects are brighter than 18 mag, significantly
brighter than the minimum value of 19-19.5 mag
achieved by several objects at 1 < z < 3. Therefore,
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neither small nor large z display any signs of bias
due to crossing the detection limit line — both
bright and faint sources are being detected on all
redshifts.

(3.) Finally, referring to the Loy : z dependence (Fig-
ure , we checked the correlation coefficients and
linear regression parameters for the A + A(U) + P?
subset in different redshift ranges. They are sum-
marized in Table [Il

It is easy to see that even with the exclusion of
objects with z < 1 or with z > 4, or both, the lu-
minosity still increases with the redshift with good
significance. Obviously, the correlation coefficient de-
creases a bit with decreasing redshift range, but the
regression parameters are nearly the same within the
errors, and the power-law slope of the dependence is
roughly 4-5. Therefore, our analysis demonstrates
that observational selectioneffects which may cause
the dependence of optical luminosity in peaks of light
curves on the redshift, are most probably absent in
our data.

To check the validity of the correlations found be-
tween the peak luminosity of the afterglow and the
redshift, we simulated the ensemble of 100000 events
with luminosities normally distributed in logarithms
with mean 46 and dispersion 2, as estimated from
the luminosity function used in [57]. The absorption
(Galactic and host) has a uniform distribution in the
range 0 < Ar < 3, and the index of the optical spec-
trum is uniformly distributed between 0.2 < 8 < 1.2.
The limits for 8 and Agr (recalculated by Ay) are
taken from observations [55]. Modifying the Ar and
[ parameters of the distribution function does not
change the results of the simulation. From this sam-
ple, we repeatedly (2000 times) randomly selected re-
alizations of 40 bursts brighter than 23 magnitude in
the R-band, and computed for each one the Pearson’s
correlation coefficient r between the optical luminos-
ity and the redshift. We considered two ensembles —
with luminosity independent from redshift, and with
the ensemble scaling as Lopy, ~ (1+ z)%. In the former
case, the number of realizations with r > 0.6 was 4,
and in the latter case, the number of realizations with
r < 0.8 was 1. In other words, the probability of first
type error (accidental detection of the effect in the
absence thereof) for the strong positive correlation
of luminosity and redshift is close to 0.002, and for
the second type error it is 0.0005. So there is reason
to believe that the rapid growth of the optical lumi-
nosity of the afterglow with redshift is a real physical
dependence, and it is not an effect of a small sample
or observational selection.

We may consider the detected Loyt : (2 +1) correla-
tion (Figure[2)) as a real manifestation of the cosmolog-
ical evolution of the optical luminosity of gamma-ray
burst afterglows.

There is 10 Loy, : (2 + 1) correlation for prompt
optical sources, in contrast to the strong correlation

seen for afterglows. Prompt optical events (P) are pre-
sumably produced as a result of collisions of internal
shells in GRB sources, while the afterglows are formed
as the shock wave enters the interstellar medium. The
peak in an afterglow optical light curve arises from de-
celeration of the blast wave. This process depends on
a local interstellar medium and the initial conditions
of the shock wave [568]. The simplest assumption is
dependence of the local interstellar medium density on
the redshift, which results in the observed Lop; : (2+1)
dependence.

In the afterglow model with the front shock wave,
the peak flux is a function of density, as we may as-
sume that the frequency of the optical emission lies
between the characteristic frequency of the radiation
and the cooling frequency. Indeed, according to [59)], if
the frequency of the afterglow spectral peak v; is lower
than the cooling frequency v., then the optical spec-
trum index is p = (bgl) , where p is a spectral index
of emitting electrons, 2 < p < 3 [60], and 0.5 < < 1.
If, on the other hand, the peak is in the v > v, region,
then 8 =p/2and 1 < 8 < 1.5 . At the same time, ob-
servations of optical spectra give § < 1 [61] with an av-
erage value of § = 0.75, and therefore our assumption
is correct. Then, according to [62], F~ En<p;1)Féﬁ,
where F is the total mechanical energy, n is the vol-
ume density of the surrounding gas, I'g is the initial
Lorentz factor of the ejecta, and [ is the index of the
optical spectrum. Using a rough estimate of I'y = 200
with dispersion of 100 [63], [64], the peak luminosity
Lops, Eiso =nE (n = 0.2 from [65]), and the deceler-
ation radius Raec ~ taecl's [66], where Theak = tdec,
LOPt ~ R?iecF’ n~ Tpeai/;;:sofs
dependence with a slope of 4.14 + 1.13 (Figure [3)).
With this dependence in hand, we may build a similar
dependence for the star formation rate (SFR) in the
vicinity of the GRBs, using the Kennicutt-Schmidt law
from [67]: the star formation rate depends on the vol-
ume density of the interstellar medium as SFR ~ n'-®.
Finally, we acquired SFR ~ (1 + z)0-21%1.69,

Using the values of SFR taken from the GRB-
Hosts [68] database, we compared them to this re-
lation. This is shown in Figure [ which also shows
the model value of this dependence based on the ratios
for the interstellar medium density from [69] and the
volume law of Kennicutt-Schmidt.

The obtained SFR : (#+1) dependence is consistent
with the model dependence from [69], but it differs
from the experimental correlation for the host galaxies
from the GRBHosts database (the slope of correlation
SFR: (z+ 1) is 3.49 £ 0.74) and from [70] (the slope
is 3.38 £ 0.69). Also, our result differs from these
theoretical model from [71], where the slope is 2.71.
In our opinion, this fact reflects the difference of the
characteristics (the rate in the first place) of star
formation in compact regions surrounding gamma-ray
bursts about 0.1 pc in size, and of these processes in
the galaxy as a whole.

we obtain power-law
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z N R SL a Error b Error
All 35 083 939-10719 4405 035 532 0.73
z <4 32 073 1.73-1076 4429 037 471 0.80
z<1 31 0.78 1.91-1077 4412 0.5 5.2 0.97

l<z<4 28 060 7.31-107% 4455 055 4.22 1.11

TABLE 1. Characteristics of the dependence of optical luminosity on redshift for A + A(U) 4 P? subset in different
redshift ranges. Columns are the redshift range, number of sources in it, correlation coefficient, its significance level,
and the linear regression parameters (a,b) with corresponding errors.

Correlation Type N R SL a Error b Error
FEiso : Liso P 10 0.89 4.97-10~* 1.58 5.60 0.99 0.11
A 22 0.89 4.10-1078 5.04 6.78 0.93 0.13

A+AU)+P 41 088 6.39-1074 509 431 092 0.8
A+AU) 31 087 1.30-1071° 734 567 088 0.1
A+A(U)+P? 34 088 4.64.-10712 820 491  0.86  0.09

Eopt : Lopt P 11 088 325-100* 1162 714 080 0.15
A 22 088 1.70-107® 1291 457  0.80  0.10
A(U) 10 076 1.08-10"2  28.63 043 046 0.14

A+A(U)+P 43 0.77 1.80-107° 17.45 4.89 0.69 0.09
A+ A(U) 32 0.85 7.76-1071° 17.76 3.65 0.69 0.08
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P-3 8 087 332-1073 987 885  0.83  0.19

A+AU)+P? 35 083 640-107° 1726 3.82  0.70  0.08

Eopt : Fiso P 11 076 6.92-1073 —20.74 19.69  1.32  0.37
A 22 073 125-107*  —420 1140  1.03  0.22

A+AU)+P 43 061 145-107° —1.28 1031 020 0.36

A+AU) 32 074 165-10%  —303 891 101 0.17

P-3 8 086 6.09-107 —40.95 2149 170 0.1

A+AU)+P? 35 07 259-1006¢ —1.8 916 098  0.17

Lopt : 241 A 22 0.82 249-10°¢ 4392 042 541  0.95
A+A(U)+P 43 059 3.13-100° 4503 055  3.66 117

A+AU) 32 082 7.99-107° 4403 039 531  0.79

A+A(U)+P? 35 083 939-107° 4405 035 532  0.73

Eopt © Liso A 22 0.66 7.40-10~* 209 1202 093  0.23
A(U) 9 083 531-107% —2450 18.63 144  0.36

A+AU)+P 41 062 1.80-107° 288 955 091  0.18

A+AU) 31 070 1.08-107°  —0.39 949 097 0.8

A+AU)+P? 34 067 128-107° 280 922 091  0.18

Eopt : Twidth P 11 —0.78 4.41-107% 5349 122 -394 104
P-3 8 —081 144.1072 5428 1.61 —4.45 1.32

Lopt : Biso A 22 079 121-107° —32.3 132 150  0.25
A+AU)+P 43 075 621-107° —30.16 11.95 146 0.23

A+AU) 32 076 470-1077 —44.11 11.60  1.73  0.22

A+AU)+P? 35 076 1.15-1077 —41.69 11.14  1.69 0.1

Lopt : Liso A 22 0.77 255-107° —27.03 11.95 143  0.23
A+AU)+P 41 076 825-107° —29.88 10.01 149  0.19

A+AU) 31 078 291-1007 -37.96 985 165 0.19

A+A(U)+P? 34 076 1.67-1007 —3290 9.65 155  0.19

(continued on the next page)
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(cont.)

Correlation Type N R SL a FError b Error
FEio:2z+1 A 22 0.82 3.69-107% 50.84 0.28 3.49 0.58
A+AU)+P 43 0.60 2.07-107° 51.73 0.31 2.17 0.61

A+ A(U) 32 0.73 1.82-107% 51.09 0.28 2.98 0.52

A+AU)+P? 35 0.75 2.70-107 51.09 0.26 3.01 0.49

Lopt : Tpeak P 11 —0.77 5.16-1073 52.73 2.03 —-3.86 1.24
Toecak : Twidtn A 22 0.65 9.20-107* 1.24 0.24 0.51 0.13
A+AU)+P 43 0.76 2.57-1079 1.00 0.13 0.59 0.08

A+A(U) 32 0.72 4.07-100 122  0.16 0.50  0.09

A+AU)+P? 35 0.74 3.00-1077 1.16 0.14 0.53 0.08

Eopt : 2+ 1 A 22 0.67 5.50-10~* 47.90 0.51 4.26 1.03
A+ A(U) 32 0.67 2.66-10"° 48.09 0.41 3.89 0.78

A+A(U)+P 43 0.57 6.43-107° 47.81 0.46 4.13 0.93

A+A(U)+P? 35 0.69 4.56-107% 47.92 0.39 4.11 0.75

Liso:2+1 A 22 0.73 1.21-10~* 50.28 0.36 2.86 0.77
A+AU)+P 41 0.59 5.10-107° 50.82 0.32 2.11 0.66

A+ A(U) 31 0.72 5.23-10% 50.39 0.29 2.66 0.56

A+AU)+P? 34 0.74 6.70-10~7 50.30 0.28 2.82 0.55

* Fopt © Otdecay A 22 —0.59 4.23-107% 48.89 0.36 —1.01 0.32
* Lopt * Qtdecay A 22 —0.55 8.64-1073 46.11 0.46 —0.88 0.35

TABLE 2. Pair correlations for different classes of GRB optical counterparts with correlation coefficients greater
than 0.5 and significances better than 1%. The four columns represent the linear regression (a + bzx) coefficients,
derived through the unweighted least squares fit. The stars mark the log-linear correlations, in contrast to the log-log

correlations used otherwise.
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