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ABSTRACT
The prompt gamma-ray bursts� (GRBs) ef�ciency is an important clue on the emission mech-
anism producing the � -rays. Previous estimates of the kinetic energy of the blast waves, based
on the X-ray afterglow luminosity LX, suggested that this ef�ciency is large, with values above
90 per cent in some cases. This poses a problem to emission mechanisms and in particular to
the internal shocks model. These estimates are based, however, on the assumption that the
X-ray emitting electrons are fast cooling and that their Inverse Compton (IC) losses are neg-
ligible. The observed correlations between LX (and hence the blast wave energy) and E�,iso,
the isotropic equivalent energy in the prompt emission, has been considered as observational
evidence supporting this analysis. It is reasonable that the prompt gamma-ray energy and the
blast wave kinetic energy are correlated and the observed correlation corroborates, therefore,
the notion LX is indeed a valid proxy for the latter. Recent �ndings suggest that the mag-
netic �eld in the afterglow shocks is signi�cantly weaker than was earlier thought and its
equipartition fraction, �B, could be as low as 10�4 or even lower. Motivated by these �ndings
we reconsider the problem, taking now IC cooling into account. We �nd that the observed
LX � E�,iso correlation is recovered also when IC losses are signi�cant. For small �B values
the blast wave must be more energetic and we �nd that the corresponding prompt ef�ciency is
signi�cantly smaller than previously thought. For example, for �B � 10�4 we infer a typical
prompt ef�ciency of �15 per cent.
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1 INTRODUCTION

Gamma-ray bursts (GRBs) are extremely energetic pulses of � -rays,
associated with a relativistic jet launched following the core collapse
of a massive star or a compact binary merger. Energy dissipation
internal to the jet is thought to be responsible for the emission of
the prompt � -rays, while the subsequent collision between the jet
and the external environment produces the longer lived afterglow.

Two critical quantities in this model are the energy radiated in the
�rst prompt phase, and the energy that remains in the blast-wave and
that powers the afterglow. While the �rst can be directly estimated
from prompt observations, the latter can be inferred only indirectly
from afterglow observations. The sum gives the total amount of
initial explosion energy, an important information that constrains
the nature of the progenitor. The ratio indicates the ef�ciency of
the prompt phase (i.e. the ef�ciency of the dissipation mechanism
times the ef�ciency of the radiative process).

In models involving hydrodynamic jets, large dissipation ef�cien-
cies are unlikely realized: maximal values are estimated to be � 0.2
(Kobayashi, Piran & Sari 1997; Daigne & Mochkovitch 1998; Ku-
mar 1999; Lazzati, Ghisellini & Celotti 1999; Beloborodov 2000;
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Guetta, Spada & Waxman 2001; Beniamini & Piran 2013; Vurm,
Lyubarski & Piran 2013). In electromagnetic jets, it may be possi-
ble to obtain higher dissipative ef�ciencies (see e.g. Zhang & Yan
2011). However the situation is much less certain (see e.g. Granot
et al. 2015; Kumar & Crumley 2015; Beniamini & Granot 2016).
The ef�ciency is unlikely to approach unity: magnetic �eld lines
approaching the reconnection zone are unlikely to be exactly anti-
parallel, and a signi�cant portion of the EM energy could remain
undissipated. Furthermore, a major challenge in models that rely
on synchrotron to produce the prompt radiation is to explain the
observed spectral indices below the sub-MeV peak. This may be
viable if the electrons are only �marginally fast cooling� or if their
spectra is modi�ed by IC cooling. Both possibilities suggest that the
ef�ciency of radiation is only moderate (Derishev, Kocharovsky &
Kocharovsky 2001; Bo�snjak, Daigne & Dubus 2009; Daigne 2011;
Beniamini & Piran 2013, 2014). Determining the overall ef�ciency
would therefore give important clues on the still uncertain nature of
the mechanism responsible for the prompt radiation. It follows that
inferring reliable estimates of the (isotropically equivalent) kinetic
energy Ekin that remains in the blast wave after the prompt phase is
of paramount importance.

Under certain conditions, Ekin can be quite �rmly estimated
from afterglow observations. If observations are performed at
a frequency where the emission is dominated by fast cooling
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electrons (i.e. a frequency larger than the characteristic synchrotron
frequencies) and if these electrons do not suffer from signi�cant
Inverse Compton (IC) losses, then the afterglow luminosity at such
a frequency provides a robust estimate of the energy stored in the
accelerated electrons, which is in turn directly related to the ki-
netic energy of the blast wave (Kumar 2000; Freedman & Waxman
2001).

It has been argued that electrons emitting X-ray afterglow radia-
tion ful�l these conditions. A correlation between the (isotropically
equivalent) X-ray luminosity LX and the (isotropically equivalent)
energy released during the prompt phase E�,iso has indeed been
observed in both long and short GRBs. This supported the notion
that the X-ray luminosity is a good proxy for the kinetic energy, and
hence it must be produced by fast cooling electrons that undergo
negligible IC losses. Under this assumption, several studies have
exploited X-ray observations to estimate the energies of GRB blast
waves and eventually also the prompt ef�ciencies �� (Freedman
& Waxman 2001; Berger, Kulkarni & Frail 2003; Lloyd-Ronning
& Zhang 2004; Berger 2007; Nysewander, Fruchter & Peer 2009;
D�Avanzo et al. 2012; Wygoda et al. 2015). Most of these stud-
ies inferred relatively low kinetic energies that correspond to large
prompt ef�ciencies �� = E�,iso/(E�,iso + Ekin). Values larger than
50 per cent and up to more than 90 per cent have been estimated in
some cases (Granot, K¤onigl & Piran 2006; Ioka et al. 2006; Nousek
et al. 2006; Zhang et al. 2007). The discovery of X-ray plateaus in
many X-ray light curves has increased the severity of the ef�ciency
problem and poses even more serious challenge for the internal
shocks model.

Recently, the location of the cooling frequency compared to the
X-ray frequency and the relevance of IC losses have been brought
into question. In a study involving bursts with temporally extended
GeV emission, Beniamini et al. (2015) have shown (with multi-
wavelength modelling performed under the assumption that GeV
radiation originated at the external shocks) that X-ray emitting elec-
trons are either slow cooling or they suffer from signi�cant IC
losses, making the X-ray �ux not directly related to the blast wave
energy. In this scenario, high-energy (GeV) radiation has been pro-
posed to be a better proxy for the kinetic energy, since it is always
deep in the fast cooling regime and it is less affected by IC losses
(due to Klein�Nishina suppression). The tight correlation found be-
tween the luminosity of the temporally extended GeV emission and
E�,iso(Nava et al. 2014) supports this scenario. If this is the case,
however, a question immediately arises: how can there be a corre-
lation between LX and E�,iso if the X-ray luminosity is not a proxy
for the blast wave energy content Ekin?

Both slow cooling and signi�cant IC losses arise in low magnetic
�eld regions, i.e. for small values of the magnetic equipartition
parameter, �B � 10�2. Such small values are required for GeV-
detected bursts if this emission arises from external shocks (Kumar
& Barniol Duran 2009, 2010; Zou, Fan & Piran 2009; Lemoine,
Li & Wang 2013; Beniamini et al. 2015). Moreover, several recent
studies not based on GRBs detected at GeV energies have found
similar results, with an inferred �B distribution that peaks around
10�4 and extends down to 10�6�10�7 (Barniol Duran 2014; Santana,
Barniol Duran & Kumar 2014; Kumar & Zhang 2015; Wang et al.
2015; Zhang et al. 2015). A theoretical explanation for such small
values in the context of a decaying turbulence has been provided by
Lemoine et al. (2013) and Lemoine (2013). These recent �ndings
suggest another urgent question: how do the estimates of the kinetic
energies (and in turn the estimates of the prompt ef�ciencies) change
if the assumption on the typical values of �B in the range 0.1�0.01
are modi�ed, and more precisely, if smaller values are considered.

In this paper we address these two main issues. We explore
whether the observed correlation between X-ray luminosities and
prompt energetics implies that LX is a proxy for the blast wave
energy and can be used as a tool to derive the prompt ef�ciency.
We then examine how are the estimates of these two quantities af-
fected by different choices of �B. We proceed as follows. First we
characterize the observed correlation using a sample of Swift GRBs
(Section 2). Then we consider the standard synchrotron/synchrotron
self-Compton (SSC) afterglow model and derive (for different as-
sumptions on the typical values and distributions of all the free
parameters) the expected LX � E�,iso correlation and compare it
with the observations. For those sets of parameters for which the
slope, normalization, and scatter of the observed correlation are
reproduced, we check what is the cooling regime of the electrons
emitting X-rays, and the relevance of their SSC losses. We �nd that
the observed correlation can be reproduced also when SSC cooling
is not negligible. To understand the origin of this result we present
both simpli�ed analytic estimates (Section 3) and detailed numeri-
cal results (Section 4). We also use the simulated X-ray luminosities
to derive the blast wave kinetic energies and prompt ef�ciencies un-
der the assumption of fast cooling and negligible IC cooling, as
usually done with real X-ray observations. We compare these de-
rived quantities with the simulated ones, to infer by how much the
derived values differ from the simulated ones. The conclusions are
discussed and summarized in Section 5.

2 OBSERVATIONS

In order to compare the results of our simulations with observations
we need to select a sample of GRBs with measured LX and E�,iso.
We use the so-called BAT6 sample, a sample of long Swift GRBs
carefully selected to be almost complete in redshift (for details see
Salvaterra et al. 2012). The necessary information is available for
43 events. For this sample, the correlations LX � E�,iso (for four
different choices of the rest-frame time at which LX is computed)
are presented in D�Avanzo et al. (2012). In the following we con-
sider LX at 11 h: this is the most common value used in this and
other correlation studies and it allows us a comparison of results
derived using different samples. For the BAT6 sample, the values
of LX (integrated in the rest-frame energy range 2�10 keV) can be
found in table 1 of D�Avanzo et al. (2012), while the values of the
prompt energy E�,iso are reported in Nava et al. (2012). The result-
ing correlation is shown in Fig. 1. The best linear �t between LX
and E�,iso is given by:

LX,45 = 0.42 E�,iso,52 with �log(LX/E�,iso) = 0.64 (1)

where �log(LX/E�,iso) is the 1� scatter (measured in log�log space).1
The correlation between LX at 11 h and E�,iso has been investigated
by different authors using different samples (see Nysewander et al.
2009; Margutti et al. 2013; Wygoda et al. 2015 for recent inves-
tigations). These studies �nd statistically signi�cant correlations
between LX and E�,iso. The slope, normalization and scatter of the
correlations discussed in these other studies are consistent with the
one found in the BAT6 sample. Based on these �ndings, it has been
argued that LX must be a good proxy for the kinetic blast wave
energy Ekin.

1 We use here and elsewhere in the text the notation Qx = Q/10x in c.g.s.
units as well as base 10 logarithms.
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