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Overview

There exists inevitable scatter in the intrinsic luminosity function
(ILF) of gamma-ray bursts (GRBs). Scatter in the ILF can cause
selection bias where sources detected at distance have a greater
median luminosity than those detected close by.

Median luminosity divides any given population into equal
halves.

In this work, we propose a physical hypothesis for the ILF. We
test this physical hypothesis against observed data using
statistical tools based on median luminosity where the best-fit model
is the one that divides the data most symmetrically.

The diagnostic we suggest is based on comparison of Lmedian of a set
of GRBs that have a known ILF with the observed luminosity of a
wide range of GRBs. The advantage of this method is that it requires
only a small data set.
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Median Luminosity

In order to evaluate the median luminosity, we use the relation∫ Lmedian

Lmin

N(L, z)dL =

∫ Lmax

Lmedian

N(L, z)dL, (1)

N (L) = c0
( L

Lmax

)−α
, (2)

In our analysis, we consider the evolution of the luminosity function
with redshift z including the k-correction effects, as

N(z) = ρoρ(z), (3)

where the star formation rate is given by [Madau, P., Dickinson, M. 2014,

ARAA, 52, 415]

ρ(z) =
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
. (4)

Here, ρ0 is the GRB rate at z = 0 expressed in units of Gpc−3year−1.
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The evolution of the luminosity function with redshift is given by

N(L, z) = ρ0c0
( L

Lmax

)−α (1 + z)2.7

1 + [(1 + z)/2.9]5.6
(5)

out to some maximum redshift zmax , beyond which N is assumed to
vanish.

Solving for Lmedian we get,

Lmedian(z) =

(
L−α+1
max + (Lmin)

−α+1

2

) 1
−α+1

. (6)

with Lmin is established by the detector flux, whereby

Lmin = 4πFthD
2
L . (7)
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Figure: Plot showing the variation of Lmedian (in erg/s) with z along with
observed Swift data and simulated data.
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We plotted the variation of Lmedian with redshift for single power law
ILF with α = 1.5, 1.33, 1.25, 1.41, and 1.17, and Lmax = 3× 1053

for two different values of threshold flux Fth = 2× 10−8 and
Fth = 1× 10−7.

We also show the results for Lmedian corresponding to the ILF given
by a broken power law defined N(L) ∝ (L/L0)

−α for L < L0 and
N(L) ∝ (L/L0)

−β for L > L0 → using the best-fit parameter values
obtained from our analysis of the LogN − LogF plot in Banerjee, S.,
Eichler, D., & Guetta, D. 2021, ApJ, 921, 79.

For simulated data, we considered a pencil beam with random
orientations of GRBs in the sky→generated the data with an average
of 17 GRBs in each redshift bin (dz = 0.01).
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Figure:
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Results [S. Banerjee and D. Guetta, A&A 661, A145 (2022)]

We find that for Fth = 2× 10−8, the curve corresponding to
α = 1.17 is the most symmetrical one, with α = 1.25 lying close
by→other values of α are much less symmetrical and can therefore be
rejected.

Increasing Fth by a factor of five→gives the same result as
before.

For a broken power law with these parameter values fits the data
most closely for Fth = 2× 10−8. For Fth = 1× 10−7, we obtain the
same results.

In order to quantify the goodness of the fit using the present sample,
we compare the theoretical and observed results to obtain the p
values for single and broken power law.

For this, we divided the analysis into ten redshift bins, and compared
the median luminosity from the observed data and the theoretical
median luminosity for each redshift bin.
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Analytical Solutions for Extended Jet [S. Banerjee and D. Guetta, A&A

661, A145 (2022)]

Let us now consider an extended jet with an opening angle θ0 such
that dL0/dΩ

′ = δ(θ0 − θ)

Considering the Doppler effect,

dL

dΩ′ =
dL0
dΩ′

(1− β)4

(1− β cosχ)4
, (8)

where χ is the angle between the observer and the element dΩ′, the
total luminosity is obtained:

L =

∫
dL

dΩ′ dΩ
′ =

∫
dL0
dΩ′

(1− β)4

(1− β cosχ)4
dΩ′. (9)

The luminosity distribution function is now given by dN =
dN

d cos θ
dL

d cos θ

dL,

where dN/d cos θ = constant = K where K is the rate of GRBs,
which is two per day.
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Figure: Variation of Lmedian with z for extended jet along with Fermi GBM data.
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In Fig.(a) we plotted the variation of Lmedian with z , setting θ0 = 0.1.
Different curves correspond to different values of Γ.

Plotting the curves along with GBM data, we find that for θ0 = 0.1,
the best-fit value of Γ = 5.15. Γ = 100 also gives a good fit.
However, values of Γ such as 10.01, 31.6, and so on give a very poor
fit, and Γ values of < 2.7 fit the data quite well.

In Fig.(b), we plot the curves for different values of θ0 for Γ = 100.

Comparing with data, we find that the best-fit value of θ0 is 0.1,
which is already clear from Fig.(a). We also see that values of θ0 of
lower than 0.1 still give a good fit, but the fit becomes poorer above
θ0 = 0.1.
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We plot the Ep versus Liso , varying both with respect to θ with a
spread in Lmax ∼ O(10).

From Eichler, D., & Levinson, L. 2006, ApJ, 649, L5 and Ioka, K., &
Nakamura, T. 2001, ApJ, 554, L163, we know that the maximum
frequency goes as νmax ∝ 1/(1− β cosχ). Therefore, expressing χ in
terms of θ and integrating over the jet element, we get Ep as a
function of θ.

The plot is obtained for θ0 = 0.1 and Γ = 100. We plot Ep ∝ L
1/4
iso

and Ep ∝ L
1/3
iso curves for reference.

As we can see, for larger angles (away from the edge), the

simulated plot follows the curve Ep ∝ L
1/4
iso and then near the

edge it goes more like Ep ∝ L
1/3
iso .
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Summary

In this work, we study the behaviour of the quantity Lmedian for a
given intrinsic luminosity function. We studied the behaviour for
the luminosity functions given by single and borken power law and we
find that, under very general assumptions, Lmedian always increases
with redshift and therefore distance, as expected.

We compared the median luminosities obtained theoretically and from
the observed data using the best-fit parameter values obtained by
Banerjee, S., Eichler, D., & Guetta, D. 2021, ApJ, 921, 79. We
found that the fit is good even for the present case with
median luminosity.

We find that the best value of α calculated in this paper and
the best-fit value of β and the luminosity break are in
agreement with the results of Banerjee, S., Eichler, D., &
Guetta, D. 2021, ApJ, 921, 79 and with other values found in
the literature.
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We also find our results to be very insensitive to Lmax , the intrinsic
luminosity seen by an on-axis observer. We checked that the change
in Lmedian due to change in Lmax by a facotr of then is almost
negligible. Hence, introducing spread in Lmax will not cause any
significant change in Lmedian.

For head-on observers, ILF for a set of identical GRBs is a delta
function δ(L− Lmax). One can see that Lmedian is constant around
Lmax , which clearly does not match the data, is therefore ruled out.
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Thank you for your Attention!
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