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GRB 090423 at Redshift 8.1: A Theoretical Interpretation
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GRB 090423 is the farthest gamma ray burst ever observed, with a redshift of about 8.1. We
present within the fireshell scenario a complete analysis of this GRB. We model the prompt emission
and the first rapid flux decay of the afterglow emission as being to the canonical emission of the
interaction in the interval 0 ≤ t ≤ 440 s by using accelerated baryonic matter with the circumburst
medium. After the data reduction of the Swift data in the BAT (15 - 150 keV) and XRT (0.2 - 10
keV) energy bands, we interpret the light curves and the spectral distribution in the context of the
fireshell scenario. We also confirm in this source the existence of a second component, a plateau
phase, as being responsible for the late emission in the X-ray light curve. This extra component
originates from the fact that the ejecta have a range of the bulk Lorentz Γ factor, which starts to
interact each other ejecta at the start of the plateau phase.
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to a gravitational collapse, regardless of the initial conditions [3]. In this configuration, a process of vacuum
polarization, resulting in pair creation [4] and generating the so-called dyadosphere [5], can take place.
In the above, all GRBs originate from an optically
thick e± plasma that reaches thermal equilibrium with
the engulfed baryonic matter MB , which can be described in detail by the baryon loading parameter B =
e±
[6]. This plasma self-accelerates to ultraMB c2 /Etot
relativistic velocities until it reaches the transparency
condition, at which point we have a flash of radiation,
the P-GRB [7]. However, the P-GRB represents only a
tiny fraction of the total energy emitted in a GRB. The
residual energy is emitted by an optically-thin baryonic
and leptonic matter fireshell that gives rise to a multiwavelength emission due to the collisions with the CircumBurst Medium (CBM). We name this residual emission, which consists of a rising part, a peak and a decaying tail, as the afterglow. In the current literature, however, the afterglow is just the final decaying tail while
the rising part and the peak are named as the prompt
emission. The several peaks observed in the peak of the
afterglow originate from the distribution of the matter,
nCBM , around the black hole.

I. INTRODUCTION
The physical explanation of gamma ray bursts (GRBs)
is currently one of the most important challenges for relativistic astrophysics. GRBs are the most powerful explosions in the Universe, and this feature had attracted
a great interest because they can be used as possible cosmological distance indicators. Moreover, their energetics and electromagnetic emissions at high energies make
them a natural laboratory for the study of the general relativity and nuclear and particle physics. In recent years,
several satellites have contributed to broadening our understanding of the GRB phenomena. In particular, the
Swift satellite [1] allowed the discovery of a second component in the X-ray light curve of the GRBs, the plateau
phase, and the Fermi-GLAST satellite [2] allowed observation of the high energy part of the electromagnetic
spectrum up to 30 GeV.
In this work, we report an analysis of the farthest
GRB, GRB 090423, observed by Swift and Fermi, in the
fireshell scenario. In this model, the different GRB features find an explanation in a single theoretical model.
The main concept is the formation of a black hole due
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Table 1. Starting parameters for the fireshell fit of GRB
090423.
Parameter
Edya
MBH
B

Starting value
1.00 × 1053 ergs
10 M
∼10−3

II. DATA REDUCTION AND ANALYSIS
On 23 April 2009, the Swift-BAT and the Fermi-GBM
detectors triggered on GRB 090423. The Swift-BAT
light curve showed a double-peaked structure with a total duration of about 20 s. The following observations in
the optical band reported a very high redshift, z = 8.1,
from the onset of the Lyman-α absorption [8]. Considering the duration of the GRB emission and the redshift
observed, GRB 090423 looks like a short GRB, but the
presence of a big flare in the X-ray light curve and the
fact that this GRB satisfies the Amati relation [9] confirms that GRB 090423 is a long one. Moreover, if we
consider the Swift-BAT sensitivity of ∼10−8 ergs cm−2
s−1 , it is likely that the part of the emission in gammarays from GRB 090423 was not detected because it was
below the threshold of Swift-BAT. This evidence is supported by observations of Swift-XRT, which started to
observe GRB 090423 ∼72 seconds after the BAT trigger
time.
The XRT light curve of GRB 090423 is a classical 3steps X-ray light curve, showing in particular a flare just
before the start of the plateau phase. This flare is a
signature of a prolonged activity of the peak of the afterglow up to ∼400 seconds, so when the flare stops, the
plateau component starts.
Using the standard FTOOLS package for data reduction, [10], we obtain the spectral distribution of GRB
090423 observed by the n9 GBM detector, which is fit
by using a cut-off power-law spectral model (χ2 = 1.002)
with a photon index γ = 0.96 ± 0.53 and a peak energy Epeak = 734 ± 534 keV. In this way, we computed
the fluence observed and, considering a standard ΛCDM
cosmological model, the isotropic energy emitted in the
burst Eiso = 1.0 × 1053 ergs, which corresponds to the
dyadosphere energy Edya . Nevertheless, for the fit of the
light curve and the spectrum of GRB 090423, we considered the Swift data. Considering the previous values for
the Epeak and Eiso , we found that GRB 090423 satisfies
the Amati relation. In Fig. (1) we report the distribution
in the Epeak − Eiso plane of a sample of 95 GRBs [11]
where GRB 090423 is represented by a red dot.
We start the fit of the light curve and the spectrum of
GRB 090423 by considering as starting parameters for
our simulation the values indicated in Table 1. In Fig.
(2) we report the fit of the Swift-BAT light curve of GRB
090423’s prompt emission. In this case, we consider the
P-GRB below the detector threshold, so we identify all

Fig. 1. (Color online) The Amati relation computed for
95 GRBs [11]. The red dot corresponds to GRB 090423. We
note that this GRB fully satisfies the Amati relation.

of the gamma pulses with the afterglow peak emission
and obtain a lower limit for the baryon loading parameter, B ≤ 10−3 . Indeed, for a fixed value of the Edya ,
the value of the baryon loading uniquely determines the
energy of the P-GRB [12]. These pulses have been reproduced in our simulation by assuming a spherical distribution of the density of the CBM. Since we consider that
each pulse corresponds to an overdense shell of matter
around the site of the burst, we obtain an average value
for the CBM density corresponding to a prompt emission
of <n> = 5 × 10−2 particles/cm3 . Nevertheless, after
the prompt emission we find a decaying trend for the
CBM density. The density profile of the CBM is shown
in Fig. (4). In particular, the big flare seen in the Xray emission is fitted with a clump of interstellar matter
with an average density of 10−5 particles/cm3 . This fact
could be reviewed in light of the possible fragmentation
of the fireshell [13]. Another possibility is that the efficiency of the fireshell could decrease with time due to
baryonic absorption of the interstellar medium around
the burst site.
For a fit of the energy spectra, we consider a convoluted black-body spectrum in the rest frame [14]:
dE
2hν 3
= 2
dAdΩdνdt
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which is characterized by the parameter α. The spectrum in the observer’s frame is obtained by a convolution over the equitemporal surfaces (EQTS) [15] and the
observational time. Here, we show in Fig. (3) an application of this spectral model to the spectrum of GRB
090423, for which we find for the α-index the value of
α = −1.8.
As a final results of our simulation, we obtain a very
high value for the bulk Lorentz gamma factor at the
transparency Γ ∼ 1100, the baryon loading B = 8×10−4 ,
and the final dyadosphere energy Edya = 1.2 × 1053 ergs.
Nevertheless, we want to stress the fact that the value
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found for the Lorentz gamma factor represents an upper
limit for the same value because the energy considered
for the P-GRB in our simulation could be different from
the real value. The detection of the P-GRB would have
imposed better constraints on the baryon loading and,
therefore, on the Lorentz gamma factor at this transparency.

III. HINTS FOR A SECOND COMPONENT
IN THE X-RAY AFTERGLOW

Fig. 2. (Color online) Swift-BAT (15 - 150 keV) light curve
(green bars) compared with our simulation (red lines).

Fig. 3. (Color online) Swift-BAT (15 - 150 keV) energy
spectrum (green bars) compared with our simulation (red
lines).

Fig. 4. Radial distribution of the CBM medium around the
burst site. Note the last density peak generating the X-flare
observed after ∼160 s.

The Swift-XRT detector [16] on board the Swift satellite detected the emission of X-rays from GRB 090423.
The light curve of GRB 090423 detected by XRT consists
of 3 distinct power-law segments, as shown in Fig. (5).
The first rapid flux decay is interpreted as the prompt
GRB emission from large angles relative to our line of
sight. The second phase, the plateau, starts at t < 300
seconds in the rest frame, and the last phase consists of
a rapid flux decay with a different power-law index from
the first phase.
We analyzed each of the three phases of the X-ray light
curve of GRB 090423. In particular, we computed the
spectrum of each phase and reported on a diagram the
distribution of the high-energy spectral index β versus
the power-law light curve index γ, as shown in Fig. (6).
As a result of our analysys, we report an evident spectral
variation in the respective energy index between the first
phase and the remaining ones of the X-ray light curve.
Nevertheless, we note that a similar spectral variation
was also noted in the past [17]. In that work, the authors
described that variation as the signature of a second component in the afterglow of a GRB. In particular a detailed
spectral analysis of a sample of GRBs, reproduced in Fig.
6, where the red dot represents GRB 090423, led the authors to state that this second component had all of the
observational characteristics of adiabatic external shock
synchrotron radiation [18].
This second feature in the X-ray afterglow was discovered with the launch of the Swift satellite, which was
the first instrument to obtain early X-ray light curves immediately following GRBs. In literature there are several
possible explanations for a possible second component in
the X-ray light curve, [17,20,21]. In the standard model,
it was attributed to an outflow, being jet-like, and the
break in the X-ray light curve occurs when the edge of
the jet becomes visible as the jet slows down [22–25] In
the other models, which exclude a jet-emission model, a
mechanism that allows a prolonged injection of energy is
needed [26,27].
Here, we consider the application of the fireshell model
to GRB 090423, in which a possible alternative to the existing models to explain this second component is the following : we consider the shell as a shell structured, which
expands in the medium surrounding the burst and that
consists of the classical compact front, but ends more
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Fig. 5. The X-ray count light curve of GRB 090423, in
photon counting mode. Note the big flare before the plateau
phase of the light curve.

smoothly with a tail of the matter distribution being less
energetic. As the forward shell collides with the CBM,
it loses energy and velocity while the tail moves forward
undisturbed by the collision with the CBM. At a certain
time, tr , the forward shell, which continues to lose energy and slow down, reaches a Lorentz gamma factor,
Γ2 , value such that it is caught by the delayed shells,
which constitute the tail of the total fireshell. This second shell does not interact with the CBM, because the
first one, after its passage, has cleaned up most of the interstellar medium near the GRB site, leaving this second
shell in a quasi-empty space. It is important to note the
existence of a correlation between the value of the bulk
Lorentz gamma factor at the transparency Γ0 and at the
collision of these two shells, Γ2 . This empirical relation
has not yet been implemented in the theoretical model
but it is known for a tens of GRBs [28], and it could be
interesting for constraining the fireshell dynamics better.
At this moment, the second component, the plateau,
starts and lasts 102 104 seconds until a break occurs
in the light curve at a time tb , where the radiation flow
begins to decline steadily. The physical origin of this
second component is being sought in the collision of the
shell, which occurs at tr . The collision would generate a
sort of refreshed shock, whose ensuing dominant radiation emission process is due to the magnetohydrodynamics of electrons accelerated in the shell’s collisions.
For the above reason, we strongly believe that the
plateau phase and the ensuing X-ray emission are due
to another emission process, and for the first time, we
do not expect the equations of motion to hold. In the
literature, there are several indications, see for example
Ref. 17, that the late afterglow is due to a synchrotronlike emission scenario, whose radiation emission theory
is well known [18,29].
With these considerations, we stop our analysis of

GRB 090423 at the start of the plateau component. As
delineated previously, the plateau component starts after a big flare lasting about 150 s. From our analysis, we
preliminarily obtain that this flare is due to some blob of
interstellar matter located at ∼0.5 l.y. along the line of
sight from the black hole formed. At these high distances
from the progenitor, the fireshell’s visible area (defined
by the condition cos θc = v/c, where θc is the angle between the emitted photon and the line of sight, and v
is the fireshell velocity, [30]) is wider than that at short
distances (see Fig. (7)), and this fact translates in the
fit with a different treatment for the flare: we consider
a bidimensional structure of the CBM clump along the
line of sight, as was already done for GRB 011121 [31].
For this reason, we integrate up to a well-defined angle
θc from the line of sight, corresponding to the transverse
dimension of the CBM clump, which in this case is given
by dc = 2rc sin θc , where rc is the distance of the clump
from the formed black hole. We obtain a good fit for the
flare by considering a cut at 170 seconds after the initial
emission, which corresponds to a distance from the black
hole formed of rcut = 3.25 × 1017 cm. The final fit of the
flare is shown in Fig. 8 while a graphical explanation of
our flare analysis is shown in Fig. 7. Even if the fireshell
emission after the cut is different from that simulated,
our procedure confirms the fact that we can obtain good
representations of the flares in the context of the interactions of the fireshell with the CBM. However, if the
effective emission after a cut in the fireshell visible area
is to be simulated and if the three-dimensional context
of the CBM clump responsible for the flare is to be fully
treated, a net improvement in the code is required.

IV. CONCLUSIONS
GRB 090423 is the most distant GRB to date, with
a redshift of about z = 8.1. In the cosmological ΛCDM
standard model, this means that 090423 bursted about
700.000 years after the Big Bang. For this reason, we
argue that 090423 originated from the collapse of a massive star, generating a black hole with a minimum mass
of 10 solar masses. A binary merging origin is rejected
because the time for the formation and the merging of
two compact binary stars is thought to be greater than
700.000 years.
The fit in the fireshell scenario suggests that 090423 is
a canonical gamma ray burst. We obtain a CBM average
density of about 102 particles/cm3 , and a high value of
the bulk Lorentz gamma factor at the transparency Γ ∼
103 . The presence of a big flare in the X-ray light curve is
a signature of the late interaction of the fireshell with the
CBM and, more important, is confirmation that 090423
is a long GRB. This fact is also supported by the fact
that this GRB satisfies the Amati relation.
The X-ray light curve consists of 3 distinct power-law
segments. The first one consists of a rapid flux decay
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Fig. 6. (Color online) Energy index β versus Time decay index γ for the X-ray afterglow for each of the three afterglow
phases described in the text. We consider a sample of 133 GRBs with time decay α and energy index β taken in Ref. 19. In
particular we consider only energy spectra taken by the Swift-XRT satellite in the photon counting mode for at least the first
two afterglow phases. Note the data sample clusterings in the second and the third phases, as delineated in Ref. 17, which
emphasizes the existence of a second component different from the prompt emission.

Fig. 7. A graphical explanation for the cut in the fireshell
visible area explaining the flare in the X-ray light curve. We
consider that only a fraction of the light cone is responsible
for the fireshell emission, and that fraction is represented by
the white zone inside the light cone emission.

(if we do not consider the flare), and it represents the
residual emission of the fireshell. In the second phase,
the flux is approximately constant, so the light curve becomes shallower than the previous phase. In the last
phase, we have another flux decay, but with a different
time decay index α than in the first phase. Nevertheless, we note a variation in the power-law spectral index
β between the first and the remaining two X-ray light
curve phases. This fact is more evident in the diagram
shown in Fig. (6), with the same analysis but considering
a sample of 133 GRBs. In particular a clustering of the
data sample it is clearly evident in the second and the
third phases. This fact suggests the presence of a second component in the GRB scenario. We are studying
this possibility in the fireshell scenario, and in particular, we believe that this second component constitutes

Fig. 8. (Color online) Fit of the X-ray flare of 090423. In
order to obtain a good fit, we consider a cut in the fireshell
visible area corresponding to the total emission up to 170 s
after the initial emission.

a secondary product of the fireshell, [32]. In particular,
the ejecta should have a range of the bulk Lorentz factor Γ, interacting with each other when the outer shells
slow down due to interact with the CBM. This interaction should generate some bumps, turning off the fireshell
emission and highlighting a sub-process of emission due
to the magnetohydrodynamics of the electrons accelerated in collisions of previous shells. One of the possible
evolutions of the model will explain this second component in terms of this complex magnetohydrodynamic
instability.
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