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Since its discovery the Ep - Eiso relation has been a source of controversy between those believing
that it represents an intrinsic property of bursts that should be directly related to the physics of
the prompt emission, and others arguing that it results from various selection effects (thresholds
for burst and afterglow detection, for measuring the redshift, etc). In the context of the internal
shock model we present a series of Monte-Carlo simulations showing that the observed relation
may indeed come from a combination of intrinsic processes and selection effects. We find that
the low Ep edge of the relation arises from the physics of shocks while the large Ep edge is mainly
shaped by selection effects.
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1. Introduction

Following the first redshift determinations obtained thanks to the Beppo-SAX satellite [1], it
became for the first time possible to address the issue of burst energetics from the estimate of Eiso,
the total energy released in gamma-rays, assuming isotropic emission. Knowing the redshift also
allowed to measure Ep,0, the peak energy of the spectrum in the burst rest frame. Using a limited
sample of a dozen of events [2] found a correlation between these two quantities, with Ep,0 ∝ E1/2

iso .
This initial sample has now grown (using data from HETE 2 and Swift) to more than 100 bursts.
The Ep - Eiso correlation is confirmed in this extended sample and takes the form [3]

Ep,0 = 110
(

Eiso

1052 erg

)0.55

keV with a dispersion σ = 0.23 dex . (1.1)

Since its discovery this relation has generated a long standing controversy with critics suggesting
that it was largely shaped by selection effects. A key argument came from the observational Ep,obs -
F diagram (where F is the burst fluence). It was shown by [4] that if Eq.(1.1) was exactly satisfied,
all bursts should lie in the upper part of the diagram (i.e. should have F > Fcrit(Ep,obs)). A test with
BATSE data [5] shows that the fraction of outliers is large (up to 80%) which seems to invalidate
the Ep - Eiso relation. Including the possibility of a 3σ dispersion however strongly improves the
situation, reducing the fraction of outliers to less than 10% [6].

The issue is of great importance as it concerns both the physics of GRBs and their possible
use as a tool for cosmology. If the Ep - Eiso relation has an intrinsic origin, it should be accounted
for by models of the prompt emission. It might also be used to “standardize” GRBs with the aim to
constrain the cosmological parameters, in addition to what is already done with type Ia supernovae.

The mechanism producing the prompt emission in GRBs is still debated. Three main possi-
bilities have been discussed in the literature: (i) internal shocks; (ii) reconnection in magnetized
outflows and (iii) Comptonized thermal emission. The origin of the Ep - Eiso relation has been
briefly addressed in the framework of models (ii) and (iii) [7] while the present study focuses on
internal shocks. We construct large samples of synthetic bursts using a toy model where the whole
sequence of internal shoks is reduced to the collision of only two shells. We describe the model in
Sect.2 and present our results in Sect.3. They are discussed in Sect.4, which is also the conclusion.

2. The Ep - Eiso relation in the context of the internal shocks

We address the problem of the Ep - Eiso relation in the context of internal shocks using an
simplified two-shell toy model [8] that represents the whole sequence of internal shocks by the
collision of only two spherical shells. Obviously this limitation prevents any realistic description
of the resulting light curve but the global energetics of the model is preserved, which is the most
important to discuss the Ep - Eiso relation. In particular, we expect that the Ep value from the toy
model fairly represents the global Ep of a real burst averaged over the duration of the event.

The model parameters that fix the dynamics of the flow are the respective mass and Lorentz
factor of the shells (mi, Γi)i=1,2 and the total duration τ of activity of the central engine. We can
then define the average injected kinetic power, average Lorentz factor and contrast in the flow

ĖK =
(m1Γ1 +m2Γ2)c2

τ
Γ̄ =

m1Γ1 +m2Γ2

m1 +m2
κ =

Γ1

Γ2
(Γ1 > Γ2) . (2.1)
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The two shells collide and merge at a distance from the source

Rm = 2cτ
Γ2

1Γ2
2

Γ2
1−Γ2

2
' 2cτ Γ

2
2 (2.2)

and the energy dissipated in the collision is given by

Ediss = [m1Γ1 +m2Γ2− (m1 +m2)Γm]c2 = ĖK τ fµ(κ) (2.3)

where Γm is the Lorentz factor of the merged shell after the collision and the function fµ(κ) depends
on the contrast only, for a given mass ratio µ = m1/m2 (for example fµ(κ) =

κ+1−2
√

κ

κ+1 for µ = 1).
We assume that a fraction εe of the dissipated energy is injected into shock-accelerated elec-

trons and is efficiently radiated by the synchrotron process (so that Eiso = εe Ediss). The resulting
spectrum is a broken power law with a break at the synchrotron energy [8]

Esyn = Ks Bγ
2
e Γm = F(εe,εB,ζ )×

Ė1/2
K ϕ(κ)

τ Γ̄2 (2.4)

where Ks =
3
2

eh̄
mec is the synchrotron constant, γe the characteristic Lorentz factor of the accelerated

electrons and B the shock-amplified magnetic field. The values of γe and B depend both on the flow
dynamics (via the comoving dissipated energy per unit mass and unit volume) and the microphysics
parameters εe, εB and ζ (the fraction of electrons which are accelerated).

The simplicity of the two-shell approach allows to construct large synthetic burst samples to
test the Ep - Eiso relation. We perform a Monte-Carlo simulation with the following distributions
of the model parameters:
– The injected power ĖK follows a power-law of index λ = −1.7 from ĖK,min ∼< 1052 erg.s−1 to
ĖK,max ∼> 1054 erg.s−1.
– The duration τ has a log-normal distribution (we only consider long GRBs). Since the typical
variability timescale τv in GRB light curves is generally smaller than the burst duration (except for
single pulse events) we have computed the shock radius with τv replacing τ in Eq.(2.2). We have
tried various parametrization of the relation τv(τ). The results in Sect.(3.1) below are obtained with

τv(τ) = τ if τ ≤ 1 s
τv(τ) = τ1/2 if τ > 1 s

(2.5)

– The average Lorentz factor Γ̄ and the contrast κ are uniformly distributed respectively from 100
to 300 and from 2 to 6.
– The function F(εe,εB,ζ ) is allowed to vary by no more than one order of magnitude. Since we
have [8]

F(εe,εB,ζ ) ∝ ε
1/2
B

(
εe

ζ

)2

(2.6)

this implicitely assumes that the microphysics parameters (especially εe and ζ ) do not vary strongly
from burst to burst.
– The burst rate RGRB(z) is not directly proportional to the SFR at large z [9]. We have RGRB(z) =
k(z)×SFR(z) with k(z) being an increasing function of z.
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Figure 1: Left panel: LogN - LogP relation obtained from the Monte-Carlo simulation (blue line) compared
to the BATSE data collected by [10]; Right panel: Distribution of the observed Ep for bursts with a peak
photon flux larger than 5 ph.cm−2.s−1 in the 50 - 300 keV energy range. The results of the simulation (in
blue) are compared to the data from [11].

We impose that the simulation satisfies a set of four observational constraints: (i) the LogN -
LogP diagram of BATSE bursts [10]; (ii) the observed Ep distribution of bright BATSE bursts [11];
(iii) the duration distribution of long BATSE bursts [12]; (iv) the redshift distribution of Swift bursts
[13]. They partially limit the range allowed for the model parameters. For example (i) constraints
the index of the power-law distribution of ĖK to λ = −1.7± 0.2. We illustrate in Fig.1 how the
simulation fulfills constraints (i) and (ii).

3. Results

The possibility to link Ep and Eiso in the internal shock framework clearly appears when
Eq.(2.3) is substituted into Eq.(2.4) to give

Esyn = F ′(εe,εB,ζ )
G(κ)

τ1/2τv(τ) Γ̄2 ×E1/2
iso = F (microphysics,κ, Γ̄,τ)×E1/2

iso (3.1)

with F ′=F/ε
1/2
e and G=ϕ/ f 1/2

µ . Eq.(3.1) would exactly be the Amati relation if the microphysics
and outflow parameters (apart from ĖK) were the same in all bursts. This is naturally not the case,
which leads to a noticeable amount of dispersion. The black dots in the left panel of Fig.2 represent
a sample of 105 synthetic events obtained with the assumptions on the model parameters discussed
in Sect.2. They do not populate the Ep - Eiso diagram randomly but define a sequence that remains
much broader than the observed Ep - Eiso relation. An interesting result however is that the model
does not predict bursts with a large Eiso and a low Ep, in agreement with observations. Such events,
producing many photons, would be easy to detect so that their absence cannot be the result of
selection effects and must have a physical origin.
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Figure 2: Left panel: Ep - Eiso diagram of 105 synthetic bursts (black dots). The subsample of events with
a peak flux larger than 2.6 ph.cm−2.s−1 in the 15 - 150 keV energy range is represented by red dots; Right
panel: Normalization of the Ep - Eiso relation (defined as the value E0 of Ep for Eiso = 1052 erg) as a function
of detector sensitivity in the 15 - 150 keV energy range (the red dot corresponds to 2.6 ph.cm−2.s−1).

We introduce selection effects by imposing a threshold in photon flux at 2.6 ph.cm−2.s−1 as in
the nearly complete sample presented in [14]. Bursts above the threshold are shown as red dots in
Fig.2. These detected events form a sequence very similar to the observed Ep - Eiso relation, with
just a slightly larger dispersion σ = 0.3 dex.

The existence of a large population of undetected events making a broader sequence than
the presently observed Ep - Eiso relation should manifest itself with an instrument of increased
sensitivity. When the threshold for burst detection is lowered, the dispersion and normalization E0

of the relation (E0 being defined as the value of Ep for Eiso = 1052 erg) should increase. The right
panel of Fig.2 illustrates this effect for E0.

4. Discussion and Conclusion

To study the Ep - Eiso correlation in the context of internal shocks we used a Monte-Carlo
approach to generate large samples of bursts with specific distributions of the model parameters
(hydrodynamics and microphysics). We have obtained the following results:

• The GRB population defines a broad sequence in the Ep - Eiso diagram.

• The low Ep edge of the sequence is consistent with the observed Ep - Eiso correlation (with
no event with a large Eiso and a low Ep.

• When selection effects are included in the analysis (a simple threshold on the peak photon
flux) they affect the large Ep edge of the sequence, leading to a Ep - Eiso relation very similar
to the observed one.
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Our results however depend on the assumptions made for the distribution of the model parameters.
Our choices are reasonable but we nevertheless plan to study the parameter space extensively,
introducing for example possible coupling between variables (with e.g. the average Lorentz factor
of the flow depending on the injected kinetic power). Other future developments will include a
more careful discussion of the threshold condition (with limits on Ep, on photon fluence, etc) and
an extension of the study to the Yonetoku (Ep - Liso) correlation.
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