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The correlation between the photon energy at which the redshift-corrected νFν spectrum peaks
(hereafter called “peak energy”, Ep,i ) and the isotropic equivalent radiated energy (Eiso ) is one of
the most intriguing and debated peaces of observational evidence in Gamma-Ray Burst (GRB)
astrophysics. I present the updated Ep,i – Eiso correlation and discuss its main implications for the
physics and the geometry of the GRB emission, with particular emphasis on the properties of Swift
GRBs and the location in the Ep,i – Eiso plane of sub-energetic long GRBs, GRB/SN events, short
GRBs and the recently discovered sub-class of long GRBs without association with a hypernova.
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I. INTRODUCTION

Gamma-ray bursts (GRBs) are fast (durations from a
fraction of a second to hundreds of seconds) and enormously bright hard X-ray transients coming from random directions in the sky at unpredictable times and
with a rate of ∼0.8 events/day (as measured by allsky instruments operating on low Earth orbit satellites).
Both the progenitors and the emission physics of these
phenomena remained mostly obscure for ∼30 years after
their discovery. A major step forward in this research
field occurred in 1997, with the first detections of multiwavelength afterglow emission, which led, through spectroscopy of optical counterparts and host galaxies, to the
first GRB redshift estimates. Since then, it has been possible to estimate the redshift (from 0.033 up to 6.3, with
the exception of the peculiar GRB 980425 at z = 0.0085)
and, therefore, the luminosity (up to 1053 erg/s assuming
isotropic emission), of about 100 GRBs, thus giving clues
to the progenitors (likely peculiar type Ib/c supernovae
for long ones and compact star merging for short ones)
and the physics (synchrotron and/or Compton and/or
thermal emission in an ultra-relativistic fireball of pairs,
photons and a small fraction of baryons). See e.g., Ref.
1, for a review. Among the intrinsic properties of GRB
discovered based on these observations, the correlation
between the photon energy at which the cosmological
rest-frame νFν spectrum peaks (peak energy, Ep,i ) and
the total isotropic-equivalent radiated energy (Eiso ) [2] is
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one of the most robust and intriguing. The main implications of this correlation include prompt emission mechanisms, jet geometry and properties, GRB/XRF unification models, identification and nature of sub-classes
of GRBs (e.g., sub-energetic, short). See Ref. 3 for a
review. Also, with the inclusion of an additional parameter (e.g., the optical afterglow break time or the
“high-signal” time scale), it is a promising tool to standardize GRBs and, thus, to estimate the cosmological
parameters (see, e.g., Ref. 4).
The Swift satellite, thanks to its high sensitivity and
very fast slewing capabilities (and thus the capability
of providing localizations with a few arcsec accuracy
just a few minutes after the GRB onset), allows a substantial reduction of selection effects in the sample of
GRBs with known redshifts. This is demonstrated by
the different redshift distributions of pre-Swift and Swift
GRBs. Thus, studying the location of Swift GRBs in
the Ep,i – Eiso plane can give clues on possible selection
effects affecting the correlation. Moreover, the unprecedented capabilities of Swift, joined with optical followup observations and prompt emission measurements by
other space experiments (mainly, Konus/WIND) have
provided us redshift and peak energy estimates for a
few short GRBs and other peculiar events (like the subenergetic GRB 060218 and the long event with no, or
very weak, associated SN, GRB 060614), allowing us to
better investigate their nature through their behavior
with respect to the Ep,i – Eiso correlation. In this paper, I present the updated Ep,i – Eiso correlation and
show the location of sub-classes of GRBs and peculiar
events in the Ep,i – Eiso plane, discussing the implica-
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Fig. 1. Distribution of long GRBs and XRFs with known
redshift and measured values of Ep in the Ep,i – Eiso plane
(as of December 2007: 67 events). Filled circles correspond to
Swift GRB and rombs to events detected by other satellites.

Fig. 2. Sub-classes of GRBs and peculiar events in the Ep,i
– Eiso plane (as of December 2007). The continuous and the
dotted lines show the best-fit power-law and the ±2σ region
for normal long GRBs and XRFs [3].

tions for the physics and progenitors of these intriguing
astrophysical phenomena.

agreed that Swift measurements would provide a definitive answer because of the reduced selection effects in its
sample of GRBs with known redshifts. The drawback
is that, due to its limited energy band (15 – 150 keV),
Swift/BAT can provide an estimate of Ep,obs only for a
small fraction of events (∼15%); this reduces the number
of GRBs that can be placed in the Ep,i – Eiso plane, the
majority of which being those simultaneously detected
by Konus/WIND. As can be seen in Fig. 1, all Swift long
GRBs and XRFs (filled circles) are fully consistent with
the Ep,i – Eiso correlation and its scatter as measured
before Swift (black points). Moreover, as discussed in
Ref. 3, those Swift GRBs for which only an upper/lower
limit to Ep,obs can be derived from BAT spectra are potentially consistent with the correlation. This evidence
supports the hypothesis that the correlation is not affected by significant selection effects.

II. LONG GRBS AND X-RAY FLASHES IN
THE EP,I – EISO PLANE
In Fig. 1, I show the location in the Ep,i – Eiso plane
of the 67 GRBs and X-ray flashes (XRFs) with known
redshifts and Ep,i as of December 2007. The Ep,i and the
Eiso values were either taken from the literature ([3,5–9])
or derived by using the spectral parameters and fluences
reported there by following the methods and cosmology
assumptions adopted in Ref. 3. As can be seen, the existence and high significance of the Ep,i – Eiso correlation
are confirmed, thus making this observational evidence
one of the most firm and intriguing features of GRBs.
The extension of the correlation to XRFs further confirms that these events are a sub-population of GRBs.
A Spearman correlation analysis of this dataset provides
a correlation coefficient of 0.88: the fit with a simple
power-law gives an index of 0.57 ± 0.01, consistent with
previous results [3]. The dispersion of the data around
the best-fit power law, indicated by the high chi-square
value (385/65) provided by the power-law fit despite the
high significance of the correlation, is also confirmed and
can be quantified in terms of a logarithmic dispersion
in Ep,i of ∼0.2 σ (including both Poissonian and extraPoissonian, or “extrinsic”, variance).
Although the Ep,i – Eiso correlation is the firmest and
the more significant among the empirical correlations between two GRB observables, in recent years there has
been a debate, mainly based on events with unknown
redshift detected by the Bursts And Transient Sources
Experiment (BATSE), on whether it may be due to substantial selection effects. Different authors came to different conclusions (see, e.g., Refs. 10 and 11), but all

III. SHORT GRBS AND THE EP,I – EISO
CORRELATION
In the last 3 years, thanks to HETE-2 and Swift detection sensitivity and location accuracy, together with fast
optical follow-up with a growingly number of telescopes,
it has been possible to estimate the redshift for 8 – 10
short GRBs. For a few of these events, it was possible to
estimate also Ep,obs (from HETE-2 and Konus/WIND,
respectively), finding, as can be seen in Fig. 2 (triangles, same references as for Fig. 1), that they are inconsistent with the Ep,i – Eiso correlation holding for long
GRBs. In addition, the Ep,i lower limits for a few other
short GRBs with known redshifts are inconsistent with
the correlation [12]. This evidence further supports the
hypothesis that the bulk of the prompt emissions from
short and long GRBs is due to different emission mechanisms. Swift also showed that some short GRBs are
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characterized by a long soft tail, close to the detection
threshold, with a total fluence that may be comparable
to that of the short spike. Intriguingly, the soft tail of
short GRB 050724 [13] is consistent with the Ep,i – Eiso
correlation. This indicates that the emission mechanism
which produces most of the radiation in a long GRB
may be present in short GRBs, but with a much lower
efficiency. In this respect, another interesting case, also
shown in Fig. 2, is that of GRB 060614, which is a long
GRB showing an initial pulse with properties typical of
a short GRB.

IV. THE NATURE OF SUB-ENERGETIC
GRBS
GRB 980425 was not only the proto-type of the
GRB/SN connection (see next section), but also a very
peculiar event: much closer than all other GRBs (z =
0.0085), sub-energetic nature, and the only long GRB
outlier to the Ep,i – Eiso correlation (Fig. 2). The
most popular interpretation of the peculiar properties of
GRB 980425 is that this event is a “normal” GRB seen
off-axis and that its sub-energetic nature and deviation
from the Ep,i – Eiso correlation is due to viewing-angle
effects (see, e.g., Ref. 14). Such an explanation was also
proposed for GRB 031203, another sub-energetic GRB
with prominent association with a SN and a possibly (the
Ep,i value is uncertain, see Fig. 2) inconsistency with the
Ep,i – Eiso correlation. An alternative explanation is an
instrumental effect due to the lack of coverage of the soft
X-ray prompt emission, as proposed in Ref. 15.
By joining the capabilities of Swift with those of
ground optical telescopes and other GRB space experiments, it was possible to detect and study in detail some
GRBs with peculiar properties, giving us important clues
on GRB origin and physics. Among these, one of the
most interesting cases is GRB 060218. GRB 060218 was
noticeable because it was very close (z = 0.033), very
soft and sub-energetic and had a prominent association
with a SN (2006aj). These properties make GRB 060218
very similar to GRB 980425. However, GRB 060218, contrary to the expectations of off-axis scenarios, is fully
consistent with the Ep,i – Eiso correlation. This evidence
implies that this event may really be sub-energetic and
points to the existence of a population of close and faint
GRBs and to a GRB rate that could be much higher
than expected before [5]. It is important to note that
the classification of GRBs 980425, 031203, and 060218 as
“sub-energetic” does not require only a very low prompt
energy release, but also a very low afterglow energy budget, as inferred mainly based on radio observations. For
instance, XRF 020903, despite showing an Eiso value
lower than GRB 031202 and GRB 060218 (it is the point
with the lowest Eiso in Fig. 1), is not considered “subenergetic” (see, e.g., Ref. 16).
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V. GRB-SN CONNECTION

One of the most important achievements during the
last 10 years in the GRB field is the evidence of association of a few long events with peculiar type Ib/c SNe
showing very hich ejecta velocities (thus being “hyperonovae”). In particular, after the first (and only) independent detection of a GRB (980425) and a SN (1998bw)
in temporal and spatial coincidence, evidence for association of a few other GRBs with a SN was found by means
of spectroscopy or photometry of a bump in the powerlaw afterglow decay. In Fig. 2, I report those GRBs with
SN association and measured redshift and Ep,i (empty
and filled circles). As can be noted, normal (i.e., not subenergetic) GRBs associated with a SN are consistent with
the Ep,i – Eiso correlation (filled circles) whereas for subenergetic GRB associated with a SN (empty circles), the
situation is more complex. Anyway, as discussed above,
the deviation of GRB 980425 and, possibly, GRB 031203
may be due to a viewing angle or instrumental effect. No
SN association was found for short GRBs, further supporting the hypothesis of a different progenitor (mergers)
with respect to long ones. The fact that GRBs produced
by a SN may all follow the Ep,i – Eiso correlation while
those produced by a different source do not points toward a relation between the main emission at work and
the nature of the progenitor and/or the nature of the
circum-burst environment.
The intriguing case of GRB 060614 challenges the
above “simple” picture. GRB 060614 is famous because,
despite its being a long event, the limits derived from
optical measurements imply that it originated from a
very weak SN or from a different progenitor. Moreover,
its light curve is characterized by an initial “short”
spike, with properties inconsistent with both the time
lag - luminosity and Ep,i – Eiso relations [17] (Fig. 2),
followed by a longer and soft emission. Thus, it could
be the prototype of a new sub-class of long GRBs
or a “bridging” event between short and long GRBs.
However, as can be seen in Fig. 2, when considering
the whole event, GRB 060614 is consistent with the
Ep,i – Eiso correlation. This implies that the prompt
emission properties of long GRBs may be unrelated
to those of the associated SN, given that other (not
sub-energetic) GRBs with clear association with a SN
are also consistent with the correlation. In any case,
the fact that GRB 060614 is composed of a short pulse
inconsistent with the Ep,i – Eiso correlation and a longer
part consistent with it, is similar to what happens
for the short GRB 050724 (as discussed above) and
may really indicate that there is a “smooth transition”
and overlapping between the short and the long GRB
classes.

-1606-

Journal of the Korean Physical Society, Vol. 56, No. 5, May 2010

VI. CONCLUSIONS
The analysis of the most updated sample of normal
long GRBs and XRFs with known redshifts and values
of Ep,obs (67 as of December 2007) confirms the very
high significance of the Ep,i – Eiso correlation and its
extension to XRFs. The slope and the dispersion of the
correlation are fully consistent with a previous analysis
performed on smaller samples. All Swift long GRBs and
XRFs are consistent with the correlation; because of the
different redshift distribution of Swift GRBs with known
redshifts with respect to previous samples, this evidence,
together with the fact that our sample includes GRBs
detected by instruments with different trigger thresholds
and sensitivities as a function of energy, shows that the
Ep,i – Eiso correlation is not affected by strong selection
effects.
Short GRBs are found to be inconsistent with the Ep,i
– Eiso correlation, in agreement with the hypothesis that
the main emission mechanism at work in these events is
different from that of long GRBs. The existence of “hybrid” events, like the short GRB 050724 and the long
GRB 060614, characterized by a first short pulse inconsistent with the correlation and long tail consistent with
it, shows that the same emission mechanisms may be at
work in short and long GRBs, but with different relative
contributions in the two classes of events.
The location of sub-energetic GRBs in the Ep,i –
Eiso plane is intriguing: the “historical” one (980425)
is clearly an outlier (and is peculiar under other several
aspects), another is possibly an outlier (031203), and
the most recent one (060218) is fully consistent. This
observational picture is consistent with the facts that a
huge population of nearby sub-energetic GRBs really exists (060218) and that a fraction of close GRBs may be
seen off-axis, thus becoming artificial outliers of the Ep,i
– Eiso correlation. Finally, the evidence that both long
GRBs associated with a bright SN and events likely associatet with a very weak SN (like GRB 060614) follow the
Ep,i – Eiso correlation indicates that the GRB prompt

emission mechanism and energy budget is independent
of the SN properties. The fact that no short GRBs show
evidence of an associated SN and that these events do
not follow the Ep,i – Eiso correlation supports a relation
between the nature of the progenitor (likely mergers for
short GRBs and a peculiar type-Ib/c SN for long GRBs)
or the circum-burst environment and the main emission
mechanisms at work.
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