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Abstract. The emission features observed in the X-ray afterglow of Gamma Ray Bursts are extremely powerful.
Since they last at least for several hours, they imply energies of the order of 10%° ergs. This in turn implies
that the energy contained in the illuminating continuum thought to be responsible of the line production must
exceed 105t ergs. This is a strong lower limit to the energy reservoir of Gamma Ray Bursts, which is independent
of collimation and beaming, and bears important consequences on the possible collimation of the fireball radiation

and the density of the medium surrounding the burst.
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1. Introduction

The discovery that Gamma Ray Bursts (GRBs) are cos-
mological implies large luminosities, but the exact value of
the radiated luminosities and the kinetic power of the fire-
ball originating the emission are still uncertain by a large
factor, since we do not know if the emission is isotropic or
if it is instead collimated in a cone. The main tool to esti-
mate the degree of collimation of the emission has been, so
far, the presence of an achromatic break in the lightcurves
of the afterglows. This is interpreted as due to the deceler-
ation of the fireball, whose bulk Lorentz factor I' becomes
smaller than the inverse of the jet opening angle 6; (see
e.g. Rhoads 1999). This allows to estimate 6; and to obtain
the “true” values of the emitted energy. Most notably, in
this respect, is the finding of Frail et al. (2001) who found
a remarkable “clustering” of the fireball energy, once they
are corrected by the estimate of their degree of collima-
tion. Since the total power and energy are obviously the
main parameters for the construction of any model, the
importance of these estimates is obvious. These in turn
are based on a number of assumptions, such as the den-
sity of the matter surrounding the burst site, which is
responsible for the deceleration of the fireball, and on the
key observation of the presence of an achromatic break in
the light curve of the afterglow.

Independent estimates of the “true” energy, or even
limits on it, are called for. In this paper we point out
that the observed emission features observed in the X-ray
afterglow spectra of several bursts can indeed put a firm
lower limit to the emitted luminosity of GRBs. This limit
is at the same time simple, independent of the degree of
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collimation of the burst radiation, and independent of the
density of the surrounding medium.

2. Energy of the observed emission features

Table 1 reports the main information obtained for the five
bursts for which emission features have been detected so
far. For GRB 970828 the redshift listed in Table 1 is un-
certain since this burst did not have a standard optical or
radio afterglow and therefore the identification of the host
galaxy should be regarded as tentative. For GRB 000214
the value of redshift listed in Table 1 is even more un-
certain, since it corresponds to assume that the feature
observed in X-rays is a iron 6.97 keV emission line.

The significance of each of the line detections, so far, is
at the level of only 3—40, with the iron line of GRB 991216
(observed by Chandra) being the best evidence (see ref-
erences listed in Table 1). Thus their reality is still under
debate, and the issue will likely be settled only with fu-
ture observations, even if the fact that they have been
“observed” so far by the BeppoSAX, ASCA, Chandra
and XMM-Newton satellites brings some weight to their
reality.

The line luminosities listed in Table 1 are derived un-
der the assumption of isotropic emission (but see below);
the start time t5 corresponds to the beginning of the X—ray
observation which led to the discovery of the emission fea-
ture, while the end time t, corresponds to the time for
which either the line was not detected any longer or to
the ending of the observations. We give, in Table 1, two
values of the total line energy: the first assumes that the
line existed only for the time interval (¢.—ts) (“short lived”
line), while the second assumes that the line remained con-
stant in flux for (te —0) (“long lived” line). Indications in
favor of a line of constant flux come from GRB 000214
(Antonelli et al. 2000), while for GRB 970508 and
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Table 1. Luminosities and energies are calculated assuming Ho = 65 kms™! Mpc™!, Q4 = 0.7 and Q = 0.3, and assuming
that the line emission is isotropic. We use the notation @ = 10°Q,. The redshift of GRB 000214 is calculated assuming that the
observed line is from H-like iron. The time ts is the start time of the X-ray afterglow observations; t. is the time until which
the line was visible. (E5)® corresponds to assuming that the line was constant in flux (and emitted isotropically) in the time
interval (te —ts); (Eiy)" corresponds to assuming a constant line in the time interval (t. —0). These values take into account the
cosmological time dilation factor (1 + z). The last three columns report the jet opening angle and the corrected energy emitted
in y-rays as calculated by Frail et al. (2001) and our estimated range of E, using Mine = 0.02 for all bursts but GRB 011211, for
which we used 7ijne = 0.05. References: A00: Antonelli et al. (2000); P99: Piro et al. (1999); P00: Piro et al. (2000); R02: Reeves
et al. (2002); Y99: Yoshida et al. (1999).

GRB  zopt Fline eline [ L (ExH)® (E¥)® Ref. 67°" EX%, E,s
erg s tem™?  keV h erg st erg erg deg erg erg

970508 0.835 30+ 10 3.4+0.3 6-16 12+ 4 2.25+0.8 3.6+ 1.3 P99 16.7 0.23 11-18

970828 0.9587 15+8 5+0.25 32-38 81+43 09+04 5+3 Y99 4.1 0.57 4.5-25

991216 1.02 17+5 3.5+ 0.06 37-40 11+3 0.6 +0.2 7.7+2.3 P00 2.9 0.69 3-38

000214 0.467 6.7+ 2.2 4.7+£0.2 1241 0.6+02 04+0.14 0.6 +0.3 A00 — - 2-3

011211 2.14 0.8+ 0.5 Mg 11-12.4 3+2 0.05£0.04 0.4+0.3 RO2 -

011211 2.14 1.1+0.3 Si 11-12.4 4.34+1.2 0.07+£0.02 0.6+0.2 RO2 — -

011211 2.14 1.+0.3 S 11-12.4 394+1.1 0.06+0.02 0.55+0.16 R02 — -

011211 2.14 0.7+ 0.25 Ar 11-12.4 26+1 0.04 £0.016 0.4+0.14 RO2 - -

011211 2.14 0.44 £+ 0.22 Ca 11-12.4 1.74+0.9 0.03+£0.015 0.25+0.12 R02 - -

011211 2.14 4.+1.6 Sum 11-12.4 15.6 £6.3 0.25+0.1 2.24+0.9 RO2 - - 0.5-4.4

photon energy changes if the scattering is not completely
elastic, resulting in the smearing of the line. If the scatter-
- ing opacity is mainly due to free electrons at a tempera-
] ture of several keV, the line width after several scatterings
(Pozdniakov et al. 1983) is o, /¢ = (2NskT/mec?)'/2. The
detected lines have widths o /e ~ 0.1, from which we can
derive Ng. ~ 3.

Let us now consider a funnel of height R and opening
angle ;. A photon scattered at a distance Rz (0 < z < 1)
from the funnel opening will have a probability P,,s =
(1 —cosb;)/2 of being scattered towards the observer, and
. a probability Pesc(z,6) = (1 — cos[atan(sin8/z)])/2 of be-
0 5 10 15 20 25 30 ing scattered in any direction outside the funnel cone.

8 (degrees) Assuming that the funnel walls radiate and scatter the
line uniformly, the total probability for a photon to exit
the funnel is:

Resonant line

Electron scattering

o
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J

Fig. 1. Amplification of the line luminosity in a funnel after
line photons are reprocessed by scattering off the funnel wall.
GRB 011211 the emission lines became undetectable be- 1)
fore the end of the X—ray observation. In all cases, despite
the range of start times of X-ray observations in differ-
ent bursts, the line was always visible in the first part of
the observations (i.e. there is no indication of line fluxes
increasing in time).

Pee(9) = 2/0 (1 — 2) Pese(2,0) dz.

In addition we must consider that half of the photons will
be scattered in the forward direction, i.e. deeper into the
funnel walls rather than towards the open space. These
photons will be lost if the main scattering opacity is pro-
vided by free electrons. On the other hand, if the consid-
ered line is resonant, these photons may be rescattered by
ions while still at a small Thomson depth in the walls and
redirected towards the open space. The total probability
of a photon to be lost is then Post = 0.5 + Pege(#) for
electron scattering and Piost = Pesc(#) for a resonant line.

After Ny scatterings, the total number of photons
emitted in the direction of the observer will be enhanced

2.1. Line photon collimation

Even for line photons produced isotropically, it is possible
that multiple scatterings off the walls of a funnel produce
an effective collimation of the emission, enhancing its ob-
served flux (McLaughlin et al. 2002) by the factor 47/ Qine
with respect to isotropic emission. Therefore the line pho-

tons may be “channeled” into a cone of opening angle
comparable to the funnel opening angle. There are how-
ever two effects limiting the collimation efficiency. First,
photons scattered by the wall of the funnel close to its
opening can escape in a direction different from that of the
line of sight. These photons will be lost and not redirected
towards the observer. Second, for each scattering the line

by a factor

Nsc

‘7:(9) = Z [1 - Rost(e)]n;

n=0

1
li FO)=—— (2
Nsclg’loo ( ) Host(e) ( )

Figure 1 shows the results of the integral in Eq. (1) as
a function of the funnel opening angle ;. The solid lines
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Fig. 2. Efficiency of conversion of continuum [1-30 keV] luminosity into K. line luminosity as a function of the ionization
parameter & = 47 F; _3ojkev/n. The continuum is assumed to be a power-law F'(v) oc =% within the [1-30 keV] energy range.
The left panel shows iron K, emission, while the right panel shows the sum of Mg, Si, S, Ar and Ca K, lines. Different solid
lines show the efficiency for a = 0, 0.5, 1, 1.5 and 2. Dashed lines are obtained with the same parameter set as for solid lines,
but with ten times solar iron abundance. The iron peak efficiency Mine & 0.02 is obtained for 0 < a < 1. The soft X-ray lines

peak efficiency mine =~ 0.05 is obtained for a > 1.5.

show the rather important amplification that a resonant
line can achieve (with infinite number of scatterings),
while the dashed line shows that, if electron scattering
is important, the amplification of the line can be at most
a factor of two (the 3 scattering amplification is shown,
being very similar to the infinite one).

3. Energy of the photoionizing continuum

The efficiency of conversion of the X-ray ionizing contin-
uum into K, line photons has been recently investigated
by Lazzati et al. (2002). They assume that the line is pro-
duced by reflection off an optically thick slab of mate-
rial, illuminated by a power—law continuum. This is the
more efficient way to reprocess continuum photons into
K, lines.

Figure 2 shows the result of the efficiency calculations
for iron and for the sum of the light elements Mg, Si, S, Ar
and Ca. We explore the effects of different ionizing spec-
tral shapes and metallicity. The reprocessing efficiency for
iron cannot be larger than 2%, while the combined light
elements, for very small ionization parameters, can repro-
cess up to 5% of the continuum into soft X-ray narrow
lines.

It is important to note that the iron line is resonant
for 10 < ¢ < 300 and for & > 10*. In these ranges the
efficiency of line production is much smaller due to the
Auger disruption of the line (see Ross et al. 1996). This
effect compensate for the possible line amplification due
to beaming and we will therefore concentrate on non—
resonant lines in the following, bearing in mind that sim-
ilar results also apply to the resonant case.

4. Limits on the total energy reservoir

The energy contained in the emission lines sets a lower
limit to both the total radiated energy and to the to-
tal energy reservoir of the fireball. In fact the line energy
is a fraction Mipe of the illuminating ionizing [1-30 keV]

continuum, which is in turn a fraction 7, of the energy
emitted in y-rays during the prompt emission. We take
into account that the line photons might be collimated,
resulting in an amplification factor 4m/Qine with respect
to the isotropic case. Considering the efficiency for iron
lines (the most commonly detected) the limit to the en-
ergy radiated in y-rays then reads:

mne
E‘Y =2 NeMine 47

701\ £0.02 the/47r>
s00E8e (2=
fine (nx) (nnne) ( 0.5

where the factor 2 in the first line of Eq. (3) corresponds
to consider two—sided jets with the line emitting material
visible on only one side. To find the total energy reservoir
in the form of kinetic energy of the fireball we should know
the fraction n, of it which is radiated. The total fireball
energy is then £ = E,/n,. A value n, ~ 0.2 assumes
that the conversion of bulk kinetic energy into radiation
is very efficient, and it is the same value used by Frail
et al. (2001).

7z ~ 0.05-0.1 is the value commonly observed during
the prompt emission of most bursts: it corresponds to a
spectrum F(v) o« v° up to 300 keV. This implicitly as-
sumes that 7, is the same inside the entire collimation
cone. However, we could have different scenarii, in which
the emission at large angles (which is probably the one il-
luminating the line emitting material) is more X—ray rich
than along the jet axis:

Qline

3)

— In the model of Mészaros & Rees (2001), the line
emitting material is located in dense clumps inside
an hypernova envelope, illuminated by a non—thermal
continuum corresponding to the side expansion of
the emerging jet. This continuum could peak at the
“right” X-ray energies, but since it does not share
the time—decay properties of a “standard” afterglow,
its non—detection implies that its total energy (i.e. its
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luminosity integrated for the emission time) is less
than the total energy contained in the X-ray after-
glow. This implies that also in this case 1, < 0.1.

— There could be a 6—dependence of the bulk Lorentz
factor and the fireball energy, as in the model by Rossi
et al. (2002). In this case it is possible that also the
emission properties can change with €, making 7, a
function of 0, possibly reaching n, = 1 at large angles.
In this model 6; is assumed to be quite large (>25°),
implying no or weak collimation of the line photons
(i.e. 47/Qine — 1). Furthermore, the energy emitted
at large angles is in this model only a fraction of the
total, making the lower limit derived by Eq. (3) ap-
proximately valid also in this case.

5. Discussion

The most severe lower limit to the total energy reser-
voir is obtained for GRB 991216 if its iron line “lived”
for 40 hours (i.e. from soon after the trigger until the
end of the Chandra observation). In this case we obtain
Eline = (7.7 £ 2.3) x 10*° erg corresponding by Eq. (3) to
the lower limit E, 2 3.8 x 1052 erg for the energy radi-
ated in y-rays. Instead, if the line was “short lived” and
existed only during the 3 hours of the Chandra exposure,
we obtain Ejpe = (5.8 £2) x 10*® erg, corresponding to
E, 2 2.8 x 10°! erg. We then obtain a value which is a
factor 4 to 50 greater than what estimated by Frail et al.
(2001), which derived a jet opening angle of 6; ~ 2.9° from
the break in the lightcurve 1.2 days after the trigger, and
assuming an interstellar medium of density n = 0.1 cm™3.
The choice of this somewhat small value for the the cir-
cumburst density is in agreement with values derived by
modelling broad-band afterglow lightcurves (Panaitescu
& Kumar 2001). Since the calculated fireball energy de-
pends on n'/4, the lower limit estimated here becomes con-
sistent with achromatic breaks being due to collimated af-
terglow if the circum-burst density is n > 25 cm ™3 (short
lived line) or n > 6 x 10° cm™3 (long lived line). Since
the total fireball power depends from the square of the
opening angle of the jet, we derive in this case 6; > 5.8°
or ¢; > 20° for the short or long lived line, respectively.

For GRB 970508 we derive £, & 10°2 erg, a factor ~50
above the estimate of Frail et al. (2001) for the same
burst. This is particularly puzzling, since for this burst
the radio data (the source was followed for 450 days) can
be used to calculate the energy reservoir in an indepen-
dent way, which yields E ~ 5 x 10%° erg (Frail et al.
2000), consistent with the value of Frail et al. (2001),
but rather inconsistent with the iron line data. Wijers
& Galama (1999), fitting the afterglow spectrum of this
burst (from radio to X-rays), derived a somewhat larger
value (dE/dQ) ~ 3 x 1052 ergs/4r sr, corresponding, for
0; = 16.7 degrees, to E ~ 1.6 x 10°2 erg (two jets). Again,
an increase of the circumburst density to n ~ 6x 10° cm ™3
makes our limit consistent with the value of the fireball en-
ergy derived by the presence of the achromatic break in
the afterglow lightcurve.

G. Ghisellini et al.: Lines in GRBs and the energy budget

In GRB 011211 we only see emission line for elements
lighter than iron (Reeves et al. 2002; see Lazzati et al.
2002 for discussion), and correspondingly used 7j;n. = 0.05
to derive the lower limits E, 2 5 x 10°0 erg and E, 2
4.4 x 10°! erg for a short or long lived line, respectively.

6. Conclusions

If real, the line emission features observed in the X-ray af-
terglow of GRBs are very luminous, and pose strong lim-
its to the total energetics of GRBs. Since these limits are
almost unaffected by the abundance of metals, emission
mechanisms and collimation of the illuminating contin-
uum, we consider them to be quite robust. If we want to
reconcile these limits with the estimates of the jet open-
ing angle and total energy reservoir derived through the
achromatic breaks of the afterglow lightcurve, we are led
to consider much larger densities of the material surround-
ing the bursts, in contrast with the results from broad
band spectral fitting (e.g. Panaitescu & Kumar 2001).

We conclude by stressing the importance of the X-ray
follow—up observations, such as the one already possible
with Chandra and XMM-Newton, and the future one
which can be performed by the Swift satellite. Observing
emission features in the X—ray spectra can immediately set
powerful limits to the total energetics, while observations
of the time duration of the line (and its possible variability
behavior) can shed information on the illuminator and on
the geometry of the line emitting material.
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