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ABSTRACT

Gamma-ray bursts (GRBs) are the most violent explosions in the Universe
and can be used to explore the properties of high-redshift universe. It is believed
that the long GRBs are associated with the deaths of massive stars. So it is
possible to use GRBs to investigate the star formation rate (SFR). In this pa-
per, we use Lynden-Bell’s ¢~ method to study the luminosity function and rate of
Swift long GRBs without any assumptions. We find that the luminosity of GRBs
evolves with redshift as L(z) o< g(2) = (1+2)* with k = 2.43%5:31. After correct-
ing the redshift evolution through Lo(z) = L(z)/g(z), the luminosity function
can be expressed as 9(Lg) o< Ly “1**%9 for dim GRBs and t(Lg) oc Ly 0*00
for bright GRBs, with the break point L = 1.43 x 10°! erg s™1. We also find that
the formation rate of GRBs is almost constant at z < 1.0 for the first time, which
is remarkably different from the SFR. At z > 1.0, the formation rate of GRB
is consistent with the SFR. Our results are dramatically different from previous
studies. Some possible reasons for this low-redshift excess are discussed. We
also test the robustness of our results with Monte Carlo simulations. The distri-
butions of mock data (i.e., luminosity-redshift distribution, luminosity function,
cumulative distribution and log N — log S distribution) are in good agreement
with the observations. Besides, we also find that there are remarkable difference
between the mock data and the observations if long GRB are unbiased tracers of
SFR at z < 1.0.

Subject headings: gamma-ray burst: general - stars: formation - stars: luminosity
function
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1. Introduction

Gamma-ray bursts (GRBs) are a kind of the most violent explosions in the Universe,
which radiate huge energy in gamma-ray in a short time (for reviews, see |M£SZ@IQ§J lzoﬂd;
Zhané m; Gehrels et al. M) They are so bright and can be detected at much higher
redshifts than supernovae (SNe). Hitherto, the farthest GRB with spectroscopic redshift is
GRB 090423 at z ~ 8.2 (IILamx_@le[ZDDQ, Salvaterra. et al. | |20Q93|) So GRBS may be useful
tools to probe the early universe (IBerm_&_LQQH |2Q].j Wang et al. , including dark
ener [29114] |.S£ha&fle“201)j |Wanq et al HZQLL]J) star formatlon rate m M;
Wang ), reionization (ITJMIJLJ Imd, w Ijmi ), and metal enrichment

(Wang et al. 21!12; ro-Tir ] 21!13).

Theoretically, the progenitors of long GRBs with duration time Ty, > 2 s are thought
to be collapse of massive stars (IleaLegzl |l9_9j) Observations also show that some long

GRBs are associated with the deaths of massive stars which will give core collapse super-
novae (Stanek et al. 2 m Hjorth et al. Um;i So GRBs can be used to investigate the star
formatlon rate (SFR) at high redshifts (I:[b_tﬁml |l9_9_j [Wijers et al ||l9_9g

Lin et a1, | 200d; Kistler et al.| 2ood
Lmang_&_tml Mmmnmmﬂlzmd Butler et all 2010; Elliott et all 2012, 2014).

In order to measure SFR by using GRBs, the relation between the rate of GRBs and
SFR should be known. Some studies found that the GRB rate is consistent with SFR
at about z < 4.0, but has an excess at high redshift comparing with that expected from
SFR (ILE_&_[ELIILQIJ [ZDDj; Kistler et al. | |20£)_d) Some models have been proposed to explain
the discrepancy between SFR and GRB rate, such as the cosmic metallicity evolution
m; @M_‘&” M), superconducting cosmic strings (Cheng et, alJ M), evolving initial
mass function (IMF) of stars (Wang & Dai M), evolution of the GRB luminosity function
break (Virgili et aJJ [2Q]_].|) From the redshift distribution of GRBs and the metallicity of
GRB host galaxies, thng_&_IbJ (lZQlAI) showed that the discrepancy between the GRB rate
and SFR can be reconciled by considering that GRBs occur in low-metallicity galaxies.

In previous literatures, the log N — log P distribution has been used to study the lumi-

nosity function and formation rate of GRBS (IEQumgri&ﬁam&Bmzj |20£)d [Elnnam_e:mﬂ
UM' w m But the log N — log P distribution is the production of the intrinsic
luminosity function convolving with the formation rate of GRBs, so the luminosity function
and formation rate of GRBs are degenerated (IEumam_eJ:le |20£)_41; Guetta & Piran [ZDDj;

2014).

Moreover, there are several selection effects on the observed redshift distribution of
GRBs (IC&—ME' m and so the rate of GRBs. The most important one is the observa-
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tional limit of satellite. The Swift satellite has a flux limit, which means that it can not detect
GRB dimmer than the flux limit. So the observed data is truncated, it will be difficult to get
the intrinsic distribution of GRB before the selection effect is corrected. Lynden Bell (1971)
applied a novel method to study the luminosity function and density evolution from flux-limit
quasar sample, which is called Lynden-Bell’s ¢~ method (Lynden-Bell [1971). After that, this
method has been widely used in some other objects, such as galaxies (Kirshner et al. |[1978;
Merighi et al)1986; [Peterson et al. [1986; [Loh & Spillar |1986), long GRBs (Yonetoku et al.
2004; Lloyd-Ronning et al. |2002; Kocevski & Liang |12006; Wu et al.2012), and short GRBs
(Yonetoku et al) 2014). The basis of Lynden-Bell’s ¢~ method is that the distributions of
luminosity L and redshift z are independent (Lynden-Bell [1971; [Efron & Petrosian | 1992).
So before applying this method, we need to test the independence of L and z with a non-
parametric test method provided by [Efron & Petrosian| (1992). Lynden-Bell’s ¢~ method
is a powerful method to estimate the luminosity function and formation rate of objects
with truncated sample. For example, [Yonetoku et al. (2004) used this method to derive the
luminosity function and the formation rate of GRB from 689 BATSE GRBs with pseudo
redshifts. They found that the GRB formation rate increases quickly at 0 < z < 1, and
remains approximately constant up to z ~ 10, which is consistent with observed SFR at
z < 4.0. Kocevski & Liang| (2006) found that the GRB comoving rate density rises steeply
at z < 1.0, followed by flattening and declines at about z > 3.0. [Wu et al. (2012) also stud-
ied the formation rate of 95 Swift GRBs using Lynden-Bell’s ¢~ method, and found that the
GRB formation rate increases quickly at 0 < z < 1.0, and remains approximately constant
at 1.0 < z < 4.0, but finally decreases at z > 4.0, which is well consistent with the SFR
(Hopkins & Beacon | 2006; Kistler et al. |12009; [Yiiksel et al. | 2008; [Wang & Dai 2009).

In this paper, we study luminosity function and formation rate of latest Swift GRBs
by using Lynden-Bell’'s ¢~ method. The Lynden-Bell’s ¢~ method can break the degeneracy
between luminosity function and GRB formation rate. This paper is organized as follows.
We introduce the data from Swift satellite, and make the K-correction in the next section.
The introductions to Lynden-Bell’s ¢~ method and the nonparametric 7 statistical method
are given in section 3. In section 4, we derive the luminosity function and formation rate
of GRBs. Monte Carlo simulation is used to test our results in section 5. Finally, section
6 presents conclusions and discussions. Throughout the paper, we assume a flat ACDM
universe with ,, = 0.27 and Hy = 70 km s~ 'Mpc~.
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2. GRB sample

Swift is a multi-wavelength satellite to observe GRBs. It has instruments designed
to analyze the bursts, X-ray and UV /optical afterglows, which can locate the positions of
GRBs. We collect 127 long GRBs with well measured spectral parameters given by Fermi-
GBM and Konus-wind. These GRBs have redshift data observed by Swift. In Table 1, we
list the GRB sample, including name (Column 1), redshift (Column 2), low-energy power-
law index v (Column 3), high-energy power-law index § (Column 4), peak energy of the v F),
spectrum in observer’s frame (Column 5), peak flux in a certain energy range (Column 6),

energy range (Column 7), bolometric luminosity (Column 8) and references (Column 9) of
GRBs.

Two spectral models are used to fit the spectra of GRBs, including a power law with an
exponential cutoff model (PLEXP) and the Band model (Band et al![1993). The functional
forms are as follows,

E)= At yrexp B 1

f(B) = { A(LOEM)%XP —@*Eff ) b i 25%%’ (2)
- E —a a—pB)Ep a— (a—B)Ep
Al 3557y ) exp? ((2+a)100 A Ta

which represent a power law with an exponential cutoff model and the Band model respec-
tively.

Because the peak fluxes are observed in a lager range of redshifts which correspond to
different range of energy bands in the rest frame of GRBs. The K-correction is required to
get the bolometric luminosity of GRBs (Bloom et al. 2001). The bolometric luminosity of
GRB is

L = 47d3 (2)FK, (3)

where

(4)

dy(2) c / z

z2) = —

- HoJo /1= Qpn+Qn(1+2)3
is the luminosity distance at redshift z, F' is the peak flux observed between between a

certain energy range (Fiin, Fmaz), and the K is the factor of K-correction. If the flux F is

2 571 the parameter K is defined as

10%keV /(1+42)
flkeV/ 1+2) f( )

e B s

min

in units of erg cm™

(5)
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If the flux F is in units of photons cm™2 s™!, the parameter K is defined as

10%keV /(142)
. flkeV/(l-i—z) Ef(E)dE
Bmae ¢(B)dE

Emin

K

(6)

where f(FE) is spectral model of GRB. Then we can obtain the bolometric luminosity L
of each GRB. In Figure [Il the blue dots show the bolometric luminosity of GRBs, and
the line is the observational limit of Swift. The limit is chosen as a minimum flux F;, =
2.0 x 1078 erg s~'em™2, which is consistent with that of Li M) So the limit luminosity
at redshift z is given as Ly, = 47d% (2) Fiin-

3. Lynden-Bell’s ¢ method and nonparametric test method

Lynden-Bell’'s ¢~ method is an efficient method to determinate the distribution of lumi-
nosity and redshift of objects with truncated data sample, including quasars

M,Mw&mﬂm,wm, Maloney & Petrosian ||_‘L9_9_d), galaxies (I&Lshnﬂ_@ju
M;|Meriqhi et al.”L%d; Peterson et al“L%d; Loh & Spillar ||L%d) and GRBs (Lloyd-Ronning et al. |
m; Yonetoku et aljm; Wu et al. 21!12; Yonetoku et alJ 21!14). Lynden-Bell (Iﬂ_ﬂ) used

this method to derive the luminosity function and density evolution from quasars with ob-

servational selection for the first time. This method can break the degeneracy between
luminosity function and formation rate. It is better to extract the luminosity evolution from
the form of the luminosity function. If the parameters L and z in the distribution of lumi-
nosity and redshift W(L, z) are independent, we can rewrite W(L, z) as V(L, z) = ¥(L)¢p(z)

i ), where ¢(L), the fraction of GRB brighter than L, is the cu-
mulative luminosity function, and ¢(z) is the redshift cumulative distribution. Unfortu-
nately, the luminosity and the redshift of GRBs are not independent (I_Ybn_e:m]ﬂl_e:cjﬂ [2@.4];
Kocevski & Liang |2Jm_d; Wu et all M), so we should write the W(L,z) as U(L,z) =
¥, (L)¢(z) instead of W(L,z) = ¥(L)¢p(z), where 1,(L) is the luminosity function of GRB
at redshift z. If we remove the effect of the luminosity evolution ¢(z), i.e. a transformation
Ly = L/g(2), the transformed luminosity Lg are independent of redshift. As a result, we
can obtain W(Lg, z) = ¢(2)¥(Ly). Using the relation L = Lyg(z), we can write the W(L, z)
as W(L, z) = ¢, (L)p(2) = ¥(Lo)¢p(z). Then the luminosity function of GRB at redshift z is

P=(L) = ¥(L/g(2))-

To get the form of luminosity evolution g(z), we introduce a nonparametric test method

proposed by [Efron & Petrosian (ILM) which has been widely used in previous literature

(Petrosian M; Maloney & Petrosian | M; Llovd-Ronning et al. m; Yonetoku et alJ
M; Wu et al. 21!12; Yonetoku et al! 2!]14]). For the ith data in the (L, z) data set, we can




define J; as (Efron & Petrosian |11992)

Ji ={jlL; > L;, zj < """}, (7)
where L; is the sth GBR luminosity and z/"** is the maximum redshift at which a GRB with
luminosity L; can be observed. This region is shown in Figure [ as black line rectangle. The

number of GRBs contained in this region is n;. The number N; = n; — 1, which means taking
the ith GRB out, is the same as ¢~ in [Lynden-Bell (1971). Similarly, J! is defined as

Jl={j|L; > L™, 2 < 2}, (8)

where L™ is the minimum observable luminosity at that redshift z;. This region is shown
as red rectangle in Figure [l The number of events contained within this region is M;.

We first consider the n; GRBs in black rectangle in Figure [ The number of events
that have redshift z less than or equal to z; is defined as R;. If L and z are independent, R;
is uniformly distributed between 1 and n; (Efron & Petrosian|[1992). The test statistic 7 is
(Efron & Petrosian |1992)

r=y BB (9)

e
where E; = 1+2"i, Vi = "1—;1 are the expected mean and the variance of R; respectively. If
the R; is exactly uniformly distributed between 1 to n;, the samples of R; < E; and R; > E;

should be nearly equal, and the test statistic 7 will nearly be 0. If we choose a from of g(z)

i
2

that makes test statistic 7 = 0, the effect of the luminosity evolution can be removed by
transformation of Ly = L/g(2).

The functional form of g(z) = (1+2)* has been used in previous papers (Llovd-Ronning et. al.
2002; [Yonetoku et al. 2004; [Wu et _all2012; Lloyd-Ronning et al. | [2002; Kocevski & Liang
2006; [Yonetoku et al.l2014). We also use this form in this paper. Then we test the indepen-
dence between Ly = L/g(z) and z by changing the value of k until the test statistic 7 is zero.
Figure 2] shows the value of test statistic 7 as a function of k. From this figure, we find the
best fit is k = 2.4370 3¢ at 1o confidence level. So we take the luminosity evolution form g(z)
as g(z) = (1 + 2)*%3. A hypothesis of no luminosity evolution k& = 0, is rejected at about
4.70 confidence level. This value is similar with [Yonetoku et all (2004), whose k-value is
k = 2.60703 and k = 0 is rejected with about 8.00 significance from pseudo-redshift GRBs.
Wi et all (2012) also found that the value of k is k = 2.3070:25.

After converting the observed luminosity to non-evolving luminosity Lo = L/(1+ 2)*%3,

we can derive the local cumulative luminosity function ¢ (Lg) with nonparametric method
from the following equation (Lynden-Bell 1971; [Efron & Petrosian |1992),

o) = TT0+ 50, (10)

j<i J
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where j < ¢ means that GRB has luminosity Lg; larger than Lg;. The cumulative number
distribution ¢(z) can be obtained from

oz = [T+ 7p) (1)

j<i J
where j < ¢ means that GRB has redshift z; less than z;. The comoving differential form
of ¢(z), which represents the cosmic formation rate of GRBs p(z), is more interesting. The
formation rate of GRBs can be written as,

oz = g @ (12)

where (1 + z) results from the cosmological time dilation and dV'(z)/dz is the differential
comoving volume, which can be expressed as
dV(z c ? dz 1
D o 2 .
dz Ho" "Jo /1= Qum+Qu(1+2)3" /1= Qu+ Qu(l+2)3

(13)

4. Luminosity function and formation rate of GRBs

In this section, we present results on the luminosity function and cosmic formation rate
of GRBs.

4.1. Luminosity function

As discussed above, we get the form of luminosity evolution as g(z) = (1+2)%**3 by using

the nonparametric 7 test method. The non-evolving luminosity Lg is defined as Ly = L/g(z),

which is shown in Figure 8l Using this new data set, the luminosity function ¢ (L) can be

derived by using Lynden Bell’s ¢~ method, which is shown in Figure dl As shown in Figure

[ the luminosity function (L) can be fitted with a broken power law after removing the

redshift evolution. The form of luminosity function ¢(Ly) for dimmer and brighter bursts
are fitted by N

—0.1440.02 b

¥(Lo) ox { 230.7010.03 ﬁz i ﬁg:

where L) = 1.43x10%! erg s™! is the break point. This result is consistent with previous work
(Lloyd-Ronning et al. |12002; Yonetoku et al)l2004; Kocevski & Liang |12006; Wu et al.2012).
It is necessary to point out that this luminosity function is only the present distribution

(14)
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at z = 0 since the luminosity evolution is removed. The luminosity function v.(L) at
redshift z will be ¢, (L) = ¥(L/g(2)) = ¥(L/(1 + 2)**3). So the break luminosity at z is
b= IB(1+ 2)*8.

4.2. Formation rate of GRBs

Figure 5 presents the cumulative GRB formation rate ¢(z). According to equation
(I2), in order to get the cosmic formation rate of GRBs, we need the differential form of
cumulative number distribution d¢(z)/dz. Figure [ shows (1 + 2)d¢(z)/dz as function of
redshift z. From this figure, we find that (1 4 2)d¢(z)/dz increases quickly at z < 1, then
keeps approximately constant for 1 < z < 4, and decreases sharply at z > 4 with a power-law
form. But we are more interested in the comoving density rate. From equation (I2]), we can
calculate the GRBs formation rate p(z), which is shown in Figure [l In Figure [7, the blue
stepwise line represents the comoving cosmic formation of GRBs as a function of redshift,
and the error bar gives the 1o confidence level. The best-fitting power laws for different
segments are

(1 4 z)0-04094 2 <1,
p(z) oc @ (14 2) 0920 < 2 < 4 (15)
(14 )~ 4302048 o 5y

with 95% confidence level. From this equation, we can derive the formation rate of GRBs
at the local universe p(0) = 7.3 £ 2.7 Gpc™ yr~!, which is larger than previous studies,
e.g., p(0) ~ 1.5 Gpc™ yr=! (Schmidt 1999), p(0) ~ 0.5 Gpc™ yr~! (Guetta et al. | 2005),
and p(0) > 0.5 Gpc™ yr~! (Pélangeon et al/2008). The main reason is that the GRB rate
keeps constant at low redshift in this paper, while it increases fast in other studies. But
Liang et al. | (2007) found that the rate of low-luminosity GRBs is p(0) ~ 325 Gpc™ yr™'.
This local rate is not corrected for the jet beaming effect.

Obviously, the formation rate of GRBs is in contrast to previous estimates of the comov-
ing rate density by [Yonetoku et al! (2004), Kocevski & Liang| (2006) and [Wu et al) (2012)
with the same method. Our results shows that the formation rate of GRBs is almost con-
stant at z < 1.0. But previous results give that the formation rate increases quickly at
z < 1.0 (Yonetoku et all 2004; Kocevski & Liang| 2006; Wu et _all 2012), which is consis-
tent with SFR observation (Hopkins & Beacon ! 2006). But our result is consistent with
that of [Petrosian et al. | (2009) well. Interestingly, the evolution of (1 + z)d¢(z)/dz shown
in Figure [0, is consistent with the behavior of p(2) in [Wu et al. (2012). We also test our
program with the same GRB data of [Yonetoku et al. (2004) and [Wu_ et all (2012), and find
that our (1 4 z)d¢(z)/dz shows the same behaviors as the p(z) in [Yonetoku et al. (2004)
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and Wu et all (2012). So they might omit the dV'(z)/dz term in their calculations. Be-
sides, [Yonetoku et al! (2004) and [Wu et al! (2012) showed that the GRB rate increases as
(14 2)%9F04 and (1 4 2)8245448 at 2 < 1 respectively, which are much quickly than (1 + z)2*
of [Kocevski & Liang| (2006).

Several comprehensive works studying the luminosity function and the rate of long
GRBs have been recently published using different methods (such as Wanderman & Piran
2010; Butler et al) 2010). Assuming that the luminosity function is redshift independent,
Wanderman & Piran| (2010) found that the power law index of luminosity function is 0.22
at low luminosity, and 1.4 at high luminosity with break 10°?® erg s—! using long GRBs
with redshifts determined from afterglow. The formation rate increases as (1 + z)*! up
to 2 ~ 3.0 and it decreases as (1 + z)~!'* at z > 3.0. Butler et al. (2010) derived that
the luminosity function is nearly flat oc L=%? below break 10°*7 erg s=!, and declines o
L7390 using a large sample of GRBs detected by Swift. The GRB rate is similar as that of
Wanderman & Piran| (2010). These results are different from our results. One reason is
the GRB sample. We use the latest GRB sample, which have redshift observed by Swift
and spectral parameters given by Fermi-GBM and Konus-wind. The luminosity function
evolution may be the most important reason. [Wanderman & Piran| (2010) assumed no
redshift evolution of luminosity function. In the fitting of Butler et al. (2010), no luminosity
evolution is required to produce the observed number of GRBs. But strong evolution of
luminosity function is found in literatures. The evolution of luminosity can be parameterized
as (1+2)'* (Lloyd-Ronning et al. 2002). [Yonetoku et al/ (2004) and [Wu et al) (2012) found
that the evolution factor is g(z) = (1 + 2)*% and g(2) = (1 + 2)*3° respectively. [Tan et al.
(2013) found that the luminosity function of GRB evolves with a redshift-dependent break
luminosity L, = 1.2 x 105}(1 + 2)? erg s™!, which is similar with our result. Virgili et al.
(2011)) found that a evolution factor (1 + 2)10%%2 of luminosity function can fit the BATSE
and Swift data. These works suggest that take a evolution factor into consideration is
necessary. Besides, our GRB sample including those GRBs dimmer than 10°! erg s=! is
another important reason. For example, [Kistler et al. | (2008) found that the density of
GRB is much higher at z < 1 if they included GRBs dimmer than 10°! erg s!. In this
work, we use Lynden-Bell ¢~ method to correct the data truncated effect and consider the
evolution of GRB luminosity function. So we don’t need to omit these dim GRBs.

The relation between SFR and formation rate of GRBs is attractive. We also compare
our result with the observed SFR from Hopkins & Beacon | (2006) in Figure[8 Obviously, it is
consistent with the observed SFR at z > 1.0, but remarkably different at z < 1.0. This trend
means that the formation rate of GRBs p(z) does not trace SFR at low redshift z < 1.0.
But at high redshift z > 4.0, our result is consistent with the SFR derived from GRBs
(Yiiksel et al. |2008; Wang & Dai2009; Kistler et al. |12009; Wang|12013). This result is dif-
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ferent with others in previous literatures (Lloyd-Ronning et al. |12002; Yonetoku et al. 2004;
Kocevski & Liang | [2006; [Wu et al. 2012), but it is consistent with that of [Petrosian et al.
(2009). There are also some previous works shown that the long GRBs may not unbiased
tracers of SFR at low redshift. A strong dependence of the GRB rate on host-galaxy prop-
erties out to z ~ 1.0 is found by Perley et all (2013). So use GRBs as direct tracers of the
cosmic SFR is cautious at z < 1.0 (Perley et al.[2013). [Vergani et all (2014) found that the
mass distribution of long GRB host galaxy is different with the expected from star-forming
galaxies observed in deep survey, which suggests that long GRBs are not unbiased tracers of
star formation activity at least at z < 1.0. They also found that long GRB rate can directly
trace the SFR starting from z ~ 4 and above.

5. Testing with Monte Carlo simulation

In this section, we use Monte Carlo simulation to test our results. Firstly, we simulate a
set of data (Lo, z) which follows the distribution described by equation (I4]) and equation (L5
using Monte Carlo method. Then, we transfer the luminosity Lo to L through L = Lo(1+2)*,
where k = 2.43. So we can get sets of pseudo data of GRB luminosity and redshift (L, z). In
the simulations, we create 200 pseudo samples. Each sample contains 130 GRBs. Then we
use Lynden-Bell ¢~ method and nonparametric 7 test method to calculate the distributions
of these pseudo samples. Finally, we compare the simulated data with observed data.

Figure [@ shows the comparing results. The four panels give the luminosity-redshift
distribution, luminosity function, cumulative distribution and log N — log S distribution.
In the panel a, we randomly choose one pseudo sample of GRB from the 200 samples to
compare with the observed data. The red dots and the blue dots represent the observed
data and the simulated data, respectively. From this panel, we can see that the simulated
data and the observed data have similar distributions. The other three panels b, ¢ and d
show the comparisons of the luminosity function, cumulative distribution and log N — log S
distribution between the observed data and mock data. The red curves show the distributions
of the observed data, blue curves give the distributions of all of the 200 pseudo samples of
GRB data and the blue curves are the mean distributions of the 200 pseudo samples. We
perform the Kolmogorov-Smirnov test between observed data and the mean distributions
of simulated data. The chance probabilities of the three tests are 0.49, 0.86 and 0.96,
respectively. From these panels, we can also conclude that the distribution of the observed
data lie in the region of those pseudo data, which means that the derived luminosity function
and formation rate of GRBs are correct.

In order to test whether long GRBs are unbiased tracers of SFR at low redshift, we
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simulate 200 new pseudo samples of GRBs by assuming that the GRB rate follows the SFR
from [Yiiksel et al. | (2008), i.e., p(z) o< (1 +2)3*at 2 <1, p(z) oc (1+2) 3 at 1 < 2 < 4
and p(z) o (14 2)735 at z > 4. Then we use the same method to calculate the distributions
of these pseudo data. We find that the cumulative redshift distribution of observed data
is not consistent with the pseudo data, which is shown in Figure [0l The red, blue and
green curves have the same meanings as those in Figure @ From Figure [I0] we can see that
part of the cumulative redshift distribution line of observed data lies outside of the region
occupied by pseudo GRB data, especially at z < 1.0. The Kolmogorov-Smirnov test between
the distribution from observed data and the mean distribution of simulated data gives the
chance probability of p = 6.9 x 10712, It means that long GRBs are not direct tracers of
SFR at z < 1.0.

6. Conclusions and Discussions

In this paper, we use Lynden-Bell’s ¢~ method to study the luminosity function and
formation rate of Swift long GRBs without any assumptions. First, we use a 7 statistical
method to separate the luminosity evolution from the stable form of the luminosity function
by choosing the evolution form g(z) = (1 4 2)*. The most proper k is k = 2.4370 3%, which
gives 7 = 0. This value is similar with those of [Yonetoku et al) (2004), [Wu et al. (2012) and
Kocevski & Liang | (2006). After correcting the luminosity evolution by Ly = L/(1 + 2)*%3,
the cumulative luminosity function (L) and cumulative number distribution ¢(z) of GRBs
can be calculated, which are shown in Figure 4] and Figure The luminosity function of
GRBs can be well fitted with a broken power law form as ¢(Lg) o< L **%%? and ¢(Lg) o
Ly 0™%003 for Ly < LY and Ly > LY respectively, where LY = 1.43 x 10°! erg s~ is the break
point.

We also derive the formation rate of GRBs through the differential form of the cu-
mulative number distribution ¢(z). Figure [0 shows the evolution of (1 + z)%(j). We find
that (1 + z)d‘Z—f) increases quickly at z < 1, then remains roughly constant at 1 < z < 4
and finally decreases rapidly at high redshift. From equation (I2]), the cosmic formation
rate of GRBs p(z) is derived, which is shown in Figure [l The best-fitting power laws for
different redshift segments are p(z) o< (1 4 2)%%, p(2) o (14 2)7%% p(2) oc (1 + 2)7436
for 2 < 1.0, 1.0 < z < 4.0 and z > 4.0 respectively. Our results show that the formation
rate of GRBs is almost constant at z < 1.0. But previous results give that the formation
rate increases quickly at z < 1.0 (Yonetoku et all2004; Kocevski & Liang | 2006; Wu et _al.
2012). But [Yonetoku et all (2004) and Kocevski & Liang| (2006) used the pseudo redsihfts
of GRBs rather than the observed redshifts. Besides, we find the p(z) inWu_et_al. (2012) and
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Yonetoku et all (2004) increase fast at z < 1.0, which has the similar behavior of (1+ z) dfg‘)
shown in Figure[6l So they might omit the dV'(2)/dz term in their calculations. From Figure
[ it is easily to find that GRB formation rate p(z) is consistent with observed SFR at z > 1.0
but entirely different at z < 1.0. It means that the formation rate of GRBs only traces SFR
at z > 1.0, which is different with previous work (Yonetoku et al. 2004; Kocevski & Liang

20006; Wu et al. 2012). We find the low-redshift excess of GRB rate for the first time.

Surprisingly, we find that formation rate of GRBs is consistent with SFR at z > 1.0,
but shows an excess at low redshift z < 1.0 for the first time, which is different with previous
works. Our result shows that formation rate of GRBs is larger than SFR at z < 1.0. Below,
we will discuss some possible reasons for this low-redshift excess.

The first one is that the definition of long GRBs is not clear. In classical method, the
long GRBs are defined by Tgy > 2 s (Kouveliotou et al. [1993). There is no clear boundary
line in this diagram to separate the long and short GRBs. Moreover, Ty, is an observed
time scale, which represents different time for GRBs at different redshifts. Meanwhile, the
observations of low-redshift long GRBs, such as GRB 060614 at z = 0.125 and GRB 060505
at z = 0.089, show no association of supernovae (Gal-Yam et al. | 2006; [Fynbo et al.2006;
Gehrels et all 2006). So more physical criterions are required to classify GRBs. Because
only a subclass of GRBs can trace the SFR. Some attempts have been performed (Zhang
20006; Zhang et al. 2007, 2009; Bloom et all [2008; Bromberg et all2013; [Lii et all2014). Tt
has been suggested that GRBs can be classified physically into Type I (compact star origin)
and Type II (massive star origin) (Zhang [2006; [Zhang et all2007).

The second one is that some selection effects have not been included in analysis. For
example, it is easier to measure the redshift of those GRBs which are in lower redshift and
therefore create a bias toward low redshift GRBs. It means that we lose some high redshift
GRBs, so the formation rate of GRBs at low redshift we calculated will larger than the SFR.
This bias can be removed by using samples with high completeness in the GRB redshift
measurements. There are three of such a sample in previous literature (Greiner et all2011;
Salvaterra et al. |2012; [Hjorth et al. |12012). It could be considered in the future works.

The third one is that there may exist a subclass GRBs, i.e., low-luminosity GRBs
(Cobb et all 2006; [Pian et al. | 2006; [Soderberg et al. [2006; [Liang et al. | 2007). The local
rate of low-luminosity GRBs may be high, i.e., p(0) = 100—1000 yr~! Gpc=3(Soderberg et. al.
2006; [Liang et al. |2007), much higher than high-luminosity GRBs. The progenitors of low-
luminosity GRBs may be different with those of high-luminosity GRBs (Mazzali et al. 2006;
Soderberg et al) 2006). The contamination from low-luminosity GRBs could lead to the
low-redshift excess.
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List of long GRBs used in this paper. It gives the name, redshift z, spectra

parameters a & 3, rest frame peak energy E,, peak flux F, energy range, bolometric

luminosity L in 1 — 10* keV and reference of the parameters of spectrum of each GRB.

GRB z o i Ep(keV) Flux(erg/cm?/s) Range(keV) L(erg/s) Ref.
050318  1.44 —1.347032 . 63.521 1107 (2.2+0.17) x 1077 15 - 150 4.9670:3% x 1050 1
050401 2.9 —-0.83%t021  —2.37T01% 119728 (2.45 £0.12) x 10~° 20 - 2000 2.097010 x 1053 2
050416A  0.6535 —1.0 -3.4 15.7373:92 54 0.5% 15 - 150 9.897050 x 1050 1
050525  0.606  —0.997011 ... 79.08%3 77 47.7+1.2¢ 15 - 150 9.007023 x 1051 1
050603  2.821  —0.79700¢ —2.15700% 349728 (3.2+£0.2) x 1075 20 - 3000 2.257017 x 1054 3
050802  1.71 -1.6%5] > 70.59 (2.21 4+ 3.53) x 1077 15 - 150 > 9.34 x 1051 1
050904  6.29 —1.1570-12 314778 (1.8440.41) x 1077 15 - 5000 9.2572:00 % 1052 4
050922C  2.198  —0.83%02] 130.8736-9 4.57972 % 106 20 - 2000 1957030 x 103 1
051001  2.4296 —1.127080 44.381 1198 1957083 x 1078 15 - 350 1381099 x 1090 5
051109A  2.346  —1.2570-50 1617224 5.875% x 107 20 - 500 3.407032 x 1052 6
051111 1.55 —0.98%022 179.701335.76  3.4170-85 x 10-7 15 - 350 7.0471°85 x 105! 5
060115  3.53 -1.0%52 6273} 0.9£0.1¢ 15 - 150 1.047012 x 1092 7
060124  2.206  —1.297017 2257027 247.7613080 2667070 x 10-6 20 - 2000 1377038 x 1093 8
060206  4.048  —1.12%03 81722 (2.02£0.13) x 1077 15 - 150 5207030 x 1052 1
060210  3.91 —1.12%5-28 117%23 2.8 £0.3¢ 15 - 150 5647050 x 1052 1
060306 3.5 —-1.2%53 70718 (4.71£0.278) x 10-7  15- 150 8.85T0 51 x 1052 1
060428B  0.348  —0.9471:30 21.7775 0.6 £0.1¢ 15 - 150 2157036 x 10%° 9
060614  0.125  —1.57%013 3021214 (4.5+£0.7) x 10~ 20 - 2000 2.331037 % 1050 10
060707  3.425  —0.667003 66775 1.140.2 15 - 150 1124020 x 1092 11
060708  1.92 -0.93%047 87.45753-3° 1787525 x 10~7 15 - 350 5.82F107 x 1050 5
060814  0.84 -1.43%518 2577122 (2.13£0.35) x 10~° 20 - 1000 9.467152 x 1050 12
060908  1.8836 —0.937022 148772 (2.8140.23) x 1077 15 - 150 1.347011 x 1052 1
060927  5.47 —-0.81%03% .. 71714 (247 £0.17) x 1077 15 - 150 1167008 x 1053 1
061007 1.261  —0.5373:0% 2617025 498752 1.951031 x 10~° 20 - 10000 1.787528 x 1053 13
061021  0.3463 —1.227013 (gasre 3.721953 x 106 20 - 2000 1767025 x 1051 14
061121  1.314  —1.3270:0% . 606795 1.2810-18 x 10-° 20 - 5000 1487019 x 103 15
061222A  2.088  —1.00700% —2.32703% 35372 (4.8+£1.3) x 10~ 20 - 10000 1.487010 x 1053 1
070110  2.352 1157033 108.337153,5%  (5.168 +£0.831) x 1076 15 - 350 2.957087 % 1050 5
070129  2.3384 1337059 65.961 5500 272708 1078 15 - 350 1.72F0 30 x 1091 5
070306  1.497  —1.671 (7 > 105 (3.04£0.164) x 10°7 15 - 150 >1.04 x 10%2 1
070508  0.82 —0.811557 18878 8.371:9% x 106 20 - 1000 2.967037 % 1052 16
070714B  0.92 —0.86101 11201750 2.7+ 0.2 15 - 150 1227090 x 1092 17,18
070810A  2.17 —0.7510-55 42.2315-G2 9.92731. x 108 15 - 350 4.9277393 x 1050 19
071003  1.605  —0.767055 ... 78075% 1.227025 x 1075 20 - 4000 2.181035 % 1058 20
071010B  0.947  —1.25%070 —2.65703%0 5271 8.92720% x 107 20 - 1000 6.4775371 x 1050 21
071020  2.145  —0.65703" 322730 6.047 352 x 1076 20 - 2000 2.25709% x 109 22
071117 1.331  —1.537012 2787256 6.6675 55 x 106 20 - 1000 9.957359 x 1052 23
071227  0.383  —0.7 1000 (3.5+£1.1) x 1076 20 - 1300 2.521070 x 1050 24
080207  2.0858 —1.171027 .. 107.8772-3 1.0£0.3 15 - 150 4.227157 % 1051 25
080319B  0.937  —0.867007 —3.59709% 675732 (2.26 £ 0.21) x 10~3 20 - 7000 1057010 x 103 1
080319C  1.95 —1.01%01s  —1.87T0 s 30755t 3.35707% x 106 20 - 4000 9.461222 % 1052 26
080411  1.03 ~1.5170-08 259752 (1.28 £0.16) x 1075 20 - 2000 9.337 117 x 1052 27
080413A 2433  —1.2%07] 170150 5.6 +0.2¢ 15 - 150 4417018 x 1052 28,29
080413B 1.1 —1.2370-23 78ti8 1.44+02° 15 - 150 1551000 x 1092 1
080603B  2.69 —-1.207025 ... 2007131 151703 x 1076 20 - 1000 1111029 x 1053 30
080605  1.6398 —0.87T015 —2.58T031 297790 (1.6 +0.33) x 1073 20 - 2000 3.337550 x 1053 31
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Table 1—Continued

GRB 2 N o
Ep(keV) Flux(e 2
rg/Ccm
080607  3.036  —0.761007  _g57t018  ggt2T fem”/s) Range(keV) L(erg/s) Ref
080721 2.602 (0 +0.07 o026 —27 (2.69 £0.54 -5 :
080804 0961007  —2.42%020 497782 5 ) % 107 20 - 4000 2.211044 o 154
2.2 _0.88+01 62, (2.1140.35) x 10-° 20 - 700 S04 32
080810  3.35 PPY) L 5 315'126;13 (7.340.88) x 107 8 - 350 0 1'1118:18 x 10%% 1
030913 67 —0820075 o8 S80Ta0  L7Tgn x 1070 B 286775 x 102 33
Qe -4. 32 e - .14
080916A  0.689 _0.99+§13§ 121;%1) (1.4 4+ 0.058) x 10~6 15 - 150 2'3918'%2 x 104 34
081007 05205 14704 208 1 (4.8740.27) x 10-7 8 - 35000 1242015 108 35,36
081008 10685 —0.36+0-20 W0ho ., 22E02 %5 - 500 LO8Zggq x 102 1
081028  3.038 0.36+0f§)42° oy ost0 176.47539 (321 +0.33) x 10-7 S - 350 4'3518:30 x 100 1
081118 —0.34 2570 59.661T2:91 - B 00 0.487F0-97 1051
258 —0.68T 00 cpgr  (M01£065)x 10 T 8o35000 4917040 x 107 33
081121 2512 —0211028 g gg+0.09 98.99_¢ 01 (6.73 +0.23) x 10~7 % - 35000 O piag X 102 33
081203A 2.1 _1.29101%2 867099 20697938 5167153 x 1078 o 3.99701 5 1052 33
081222 —0.13 497t244 3.7 1055 _ - 35000 1~38t0'22 « 1053
277 —0.90Tgn;  —233%07 " T1Tg0s x 1077 15 - 350 70:33 33
090102 1.547 —0.97+810§ o 167;5{, (1.76 £ 0.058) x 1076 8 - 35000 2'6318'(% X107 1
—_ cee 9 - . [
090424 0.544 —1,02+0:8i +0.18 461015 (2.93+£0.091) x 1076 8-3 L0175 > 10°% 1
090429B oor  —3:26100% 162757 _ - 35000 4.7975 12 % 1052
9.4 —0.6970-91 2.2 (9.12£0.14) x 1076 8 - 3500 2943 1
000516 4100  —1037028 9+ 46'21;9586 1.037047 x 1077 15 3500 1142007 X 102 1
Yo —4. . 0. . - .73 5
090519 3.85 _0.58+§Z§’% —0.2 51'411%.34118 5.3+0.2¢ 8 - 1000 1'5918@3 x 10% 19
090529  2.625 _0~7518:(2)§ 12055158 (2.25 4 0.17) x 107 8 - 35000 8'7018:3’8 x 1052 37
090618 054  —0.911008 o gor007 199.91674 (3,006 +0.063) x 10°6 8- 3 3.467)56 x 10°2 33
0 —0.03 — .4270'0 313.2+14.0 - 35000 1,82t0»04 « 1053
90715B 3 +0.3 7 _ (1.73 £ -5 0.04 X 10 33
—1atgsr gl 0.073) x 107 8 - 35000 L7008 05
090809 2.737 _0.47+8»05 _9.16+0:07 34*‘%&11 5 (9+25) x 1077 20 - 2000 '8718.22 x 102 33
090812 2.452 _1'0318:8? +0—0.07 19311179%1:2 (7.231 +0.6) x 106 % - 35000 8'7815:‘2% %102 1
090926B  1.24 —0~1918:85 580109 2.77 £ 0.28° 100 - 1000 340 g8 X 10 33
090927 L.37 —0~6818:82 g 19+0.01 et (4.73£0.28) x 1077 8- 35000 192010 01
091018 0.971 _1,53+812§ “t2-0.01 5946173*1:81 (9.379£0.23) x 1076 & - 35000 4'4618'32 %« 1051 1
091020 1.71 _1.2010132 4018 28795 (4.32 4 0.95) x 107 20 9.307 53 x 1052 33
091024 1.092 1 5+69106 _2.29*0:18 187t§g (188 i0026) y 1076 % - 1000 490t%8§ X 1051 1
001020 2752 _146+0-27 2601130 346705 x 1077 s 32000 3~44f§;83 % 10%2 1
001127 049  —0.681005 g qgt00n 6145102 1840.1° - 350 4.08T0%7 x 10°1 38
091208B -08_.05 —2.127 07 59.6711-81 7 15 - 150 1.407:0.08 « 1052
1.063  —1.29750% 181 (9.379£0.23) x 1076 & - 35000 +9-08 39
e 1977 (2,56 + 0.097) x 106§ - 3500 7Tl o0a X 105 33
100615A 1 s < 36.02 4.74+346 s 0 1.811006 1052 1
398 —1.247008 +0.11 g7 x 10 6
100621A  0.542 | 7013 T227 500 8573105 8340 5a 51;5 - 350 < 141 x 107 40
‘ —L70_ g —2.4510-15 +15 : - 1000 +0.03 5
100728A  1.567  —O. 47+§&§ 55103 95¢227 (1.7+0.13) x 1076 50 - 2000 1.06188? <102 41
— T & - 4O 5
100728B  2.106 _0.90+8:(1J; —03 390;35 (4.24+0.7) x 1076 20 - 10000 3241(1)'(2)2 x 10°1 1
100814A  1.44 _0.551887 130;?2 (5.43 £0.35) x 107 S - 35000 6'451(1):% x 1052 42
100816A  0.8049 —0.31+8:85 b 14771+04 Y (7.5+2.5) x 107 20 - 2000 LT g 15 X 102 1
100906A  1.727 _1.1+641'05 _2'2+692.17 136{474:73 15.59 4+ 0.25% 10 - 1000 1.0818:‘;’3 x 10°2 43
1012134 0414 —1.1+007 2o - 180240 (2.740.3) x 1076 20 7387015 X 10°1 44,45
1012198 —0.07 —2.3570:72 309-7J£48'9 4 o - 2000 6,90j0»77 « 1052
0.55 —0.33+036 g 1pF0:i2 g 400 .67£0.32 10 - 1000 794 46
110205A  2.22 1m0 S 707374 2.0+0.2% 10 - 1000 032 043 1070 47
110213A  1.46 _1.4418:(1)2 222172?, (5.140.7) x 1077 20 - 120 38118%2 x 1050 48
110422A  1.77 _0.5318:(1)? .“2 65+0-28 98'44:3(37:3 17.74+£0.5¢ 10 1008 2'6518:82 x 102 1
110503A  1.613 —o.ggiﬁzéé By 246134 (1.2+0.15) x 105 % - 2000 223568 x 102 19
110715A  0.82 —1 2310183 393 2194 (10 +1) x 10~6 2.90T53¢ x 10°1 50
+49_0.08 —2.770‘5 120+12 20 - 5000 1.89+0'19 « 1053
. —11 (1.1 + 0,1) x 10~° 20 - 10000 18%8 0 1
4.317559 x 1052 51
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Table 1—Continued

GRB z @ gt Ep(keV) Flux(erg/cm?/s) Range(keV) L(erg/s) Ref.
110731A  2.83 —0.875:93 —2.98%03 304713 20.9 + 0.5% 10 - 1000 3.067557 x 1053 52
110801A  1.858  —1.77012 2.5 1407157 8.9171%8 »x 10-8  15- 350 4437052 x 1050 53
110808A  1.348  —1.07797% 42389270 (1.14£0.2) x 0% 20-10000  8.9671 53 x 103 54
110818A  3.36 -1.337558 256.37:23 5.0 + 1.4¢ 10 - 1000 7.237265 x 1052 55
111008A  4.9898 —1.367031 149752 (1.4+0.3) x 1076 20 - 2000 4957180 x 1053 56
111107A  2.893  —1.387¢ 21 108752 2.6 +0.3¢ 10 - 1000 1.817051 x 102 57
111123A  3.1516 —1.307535 107. 79+§§50§8 7.8975 % x 1078 15 - 350 9.807157 x 1050 40
1112284 0.714  —1.9701 -2. 7t8 5 34 27+ 1¢ 10 - 1000 6.677052 x 1051 58
120119A 1728  —0.9875:03 —-2.367559 189.2t§;§ 16.86 + 0.39% 10 - 1000 598101 1052 59
120326A 1798  —0.98701) —2.53%012  46.45T507 3.1+ 0.05¢ 10 - 1000 5917010 x 1051 60
120327A  2.813  —1.147538 106.09759 1. 3.8870%5 x10-7  15-350 3.421057 % 1052 40
120712A 41745 —0.6703 ~1. 8"_’8 2 1247328 3.5+ 0.2¢ 10 - 1000 1351008 x 1093 61
120714B  0.3984 —0.297536 60.8125-92 18758 x 1078 15 - 350 L. 15t8 Zz x 1049 40
120724A 148 —0.75 753 < 31.9 1957538 x 1078 15 - 350 < 4.19 x 10%0 40
120802A  3.796  —0.9670%% 52.9613%58 1.8570 57 x 10=7 15 - 350 3.51106% 1052 40
120811C 2,671  —1.197552 46.261%77 2477035 x 1077 15 - 350 2.2370-5% x 1052 40
120907A  0.97 —-0.751522 154.5752-9 4.3+ 040 10 - 1000 2.531027 x 1050 62
120909A  3.93 -1.3%51 3707155 3.0+ 0.2 10 - 1000 7657031 x 1052 63
120922A 3.1 -1.6%57 —2. 31‘8 I 37.7132 3.4+0.3¢ 10 - 1000 3.021037 x 1052 64
121027A  1.77 —1.4970-38 61.757 15755 8347321 x107® 15 - 350 2.9270-70 x 105 40
1211284 2.2 —0.807015 —2.41t8;} 62.274¢ 17.9 £ 0.5 10 - 1000 6.677019 x 1052 65
121211A  1.023  —0.3703% . 95.96715°% 2.402 + 0.202¢ 10 - 1000 1251011 x 100 66
1302154  0.597  —1102 -1.6%55% 155783 3.5+ 0.3 10 - 1000 2.167518 x 1051 67
130408A  3.758  —0.770-12 —2.3%03 272755 (5.240.5) x 1076 20- 10000  6.12F(55 x 1053 68
130420A 1297  —17073 5613 5.2 4 0.4 10 - 1000 3.657055 x 1051 69
130427A  0.3399 —0.78975-503 3, 067502 830"'5 1052 + 2¢ 8 - 1000 1.907000 1053 70
130505A  2.27 —-0.3115:59 —2.261057 6041‘?13 (6.9+0.3) x 1075 20 - 1200 3.987017 x 1054 71
130514A 3.6 —1.44701% 110137 2.06702% x 1077 15 - 350 3.82170-2% x 1052 72
130606A  5.913  —1.14T7g 12 294795 3157098 x 1077 15 - 350 2.041050 x 1058 73
130610A  2.092  —1707 294.9792°9 4.5+ 0.9 10 - 1000 2.5570:2] x 1052 74
130612A  2.006  —1.3703 61.97702 4.1+0.2¢ 10 - 1000 9.4870-9% x 1051 75
130701A 1155  —1.1701 8974 (4.3+0.4) x 1076 20- 10000  4.277090 x 1052 76
130831A  0.4791 —1.51757 —2. 8"_’8 I 67fi (2.6+0.3) x 1076 20- 10000  3.4270-30 x 1051 77
130907A 1238  —0.657503 —2.22%055 390718 (22+0.1) x 1075 20- 10000  1.82F00% x 1053 78
131030A 1295  —0.717515 —2.95%02% 177t (104 1) x 10-6 20- 10000 1. ostg }1 x 1053 79

Notes: @ For these GRBs, the peak flux is in units of photons cm—2 s~ 1.

b For those GRBs with 3 value, the spectra are described well by Band model. But for the GRBs without 3 value, the spectra
are described by power-low with an exponential cutoff model.
eference 1 (@ 2‘G019n9’r<kii et all dﬂl@), [3]Golenetskii et all dmw), [4]Sugita et all ),
6‘Golenet<kii et all (2005d), [7]Barbier et all (2004), [8]Golenetskii et all (20064), [9]Sakamoto et all
( 10]I£391gnmkumﬂ (lzmﬁbl [11]Stamatikos et all (2006), [12]Golenetskii et all (2006¢), [13]Golenetskii et all
kii ), [15]Golenetskii et all (2 dmﬂ [16]Golenetskii et all (20074), 171thg et _all (2007),
[18 Barbler et al (@) 19]Eii£i££ et éEi] (2010), 201|Gglﬂnmkujztjl] (20071), [211|Gglﬂnmkuﬁjﬂ
[22]Golenetskii et all (2007d [23]Gglfmtskumu ( [24]Gnl§zn§ztsku_em_a‘l] dzopzﬂ [25]SLamammmlJ (2008),
[26]Golenetskii et all (2 M), [27]Golenetskii et all (2 M), [28]Tueller et all (2008), [29_ (2009),
i [31]&21@11&1;51«:11_@‘&_@1] [32]&21@11&1;51«:11_@‘&_@1] 429_0&] [33]Nm et all (IzTul

[35]Pal’Shin et al (2008), [ 36] (2009), [37]McBreed (2009), 38
) dilm) [40]But1er s web51tl & Swift ofﬁmal websmeﬁ [41 m 2010),
[42]G$El§nitskuﬂ_au 2(1195) [43]Golenetskii et all (20108), [44]Fitzpatrick (lZ.Ql_O_zJ [45]Fitzpatrick (lZQlQH
[46]Golenetskii et all (2010d), [47]Gruberd (2010), 481_ (2010), [49]Foley} (2011), [50]Golenetskii et all 429115

[51 i ZQl_Ud) [52]Golenetskii et a1J (2011d), [53 [54]Golenetskii et, all
[55]@%5(@ [56]Golenetskii et all (2011d), [57]Pelassa [58&@@ [59]@

[EP (@) [61]Gruber (2012H), [62 Barthelmyl (2012), [63]Chaplin (20192), [641Youne§ (2019), 65
( (661 (2012), [67@5 (ém [ﬁslsglengtskumll (20134), [69]Xiong & Rau (2013), [70}von Kienlid
2013), 71]Golenetskil et all (20131), [72]Pal’Shin et all (2013), [73]Barthelmy et all (2013), [74]Fitzpatrick ] 4

[75 Fitzpatrick (2013), [76]Golenetskii et all (2013d), [77]Golenetskii et al| (2013d), [78]Golenetskii et all (2013d),
[79]Golenetskii et all dzalﬁﬂ)
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Fig. 1.— The luminosity distribution of 127 GRBs after K-correction. The blue dots repre-
sent GRBs and the blue line represents observational limit of Swift. We take the flux limit

as 2.0 x 1078 erg cm™2 s7!. M; and N; are also shown. The error bars are 1o errors.
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Fig. 2.— The value of test statistic 7 as a function of k. The red dotted line represents the
best fit for 7 = 0, and the black dotted lines are 1o errors. The value of k is k = 2.43705% at
1o confidence level. It also shows that 7 = 4.7 when k£ = 0, which means k£ = 0 is excluded
at 4.7¢0 confidence level.
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Fig. 3.— The non-evolving luminosity Ly = L/(1+ 2)?>* of 127 GRBs above the truncation
line. The blue line represents observational limit. The error bars are 1o errors.
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Fig. 4.— The cumulative luminosity function ¥ (Lg), which is normalized to unity at the
lowest luminosity. The red line is the best fit with a broken power law model. The luminosity
function can be expressed as 1(Lg) oc Ly “'**%% for dim GRBs and v(Lg) oc Ly *"*%% for
bright GRBs, with the break point L} = 1.43 x 10°! erg s~
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Fig. 5.— The normalized cumulative redshift distribution of GRBs.
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Fig. 6.— The evolution of (1 + z)d(Z—(Zz) as function of redshift z with 1o errors, which is
normalized to unity at the first point.
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Fig. 7.— The comoving formation rate p(z) of GRBs, which is normalized to unity at the
first point. The 1o error is also shown.
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Fig. 8.— The comparison between GRB formation rate p(z) (blue) and the observed SFR.
The SFR data are taken from Hopkins & Beacom (2006), which are shown as red dots. The

SFR data from Bouwens et all (lZQlJJ) (stars) and (@) (open circles) are also used.

All error bars are 1o errors.
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Fig. 9.— The comparison of the simulated data (blue) and the observed data (red). These
four panels show luminosity-redshift distribution, cumulative luminosity function, cumulative
number distribution and log N — log S distribution respectively. For panel (a), we choose
one sample from the 200 simulated samples randomly. For other panels (b), (¢) and (d), the
green curves represent the mean distribution of those 200 simulated samples. The chance
probabilities of Kolmogorov-Smirnov tests between the distributions of observed data and
the mean distributions of the simulated data are also presented.
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Fig. 10.— The comparison between the cumulative redshift distributions of simulated data
(blue) and observed data (red). The mean distribution of the 200 simulated samples is
given by green curve. In this case we use the SFR from [Yiiksel et al. | (2008). The chance
probability of the Kolmogorov-Smirnov test between the observed data and the simulated
data is p = 6.9 x 1072, from which the observed data and the simulated data from the same

sample can be discarded.
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