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ABSTRACT

Strong delayed X-ray line emission is detected in the afterglow of gamma-ray burst GRB 030227, appearing
near the end of theXMM-Newton observation, nearly 20 hr after the burst. The observed flux in the lines, not
simply the equivalent width, sharply increases from an undetectable level (! ergs cm�2 s�1, 3 j) to�141.7# 10

ergs cm�2 s�1 in the final 9.7 ks. The line emission alone has nearly twice as many detected�0.9 �144.1 # 10�1.0

photons as any previous detection of X-ray lines. The lines correspond well to hydrogen- and/or helium-like
emission from Mg, Si, S, Ar, and Ca at a redshift . There is no evidence for Fe, Co, or Ni—the�0.03z p 1.39�0.06

ultimate iron abundance must be less than a tenth that of the lighter metals. If the supernova and GRB events
are nearly simultaneous, there must be continuing sporadic power output after the GRB of a luminosity�5 #

ergs s�1, exceeding all but the most powerful quasars.4610

Subject headings: gamma rays: bursts — supernovae: general — X-rays: general

1. INTRODUCTION

Analysis of the afterglows of long-duration gamma-ray
bursts (GRBs) has finally shown their progenitors to be massive
stars (Reeves et al. 2002; Paczyn´ski 1998; Galama et al. 1998),
with a catastrophic endpoint that seems to produce both a GRB
and a supernova (SN; Bloom et al. 1999; Hjorth et al. 2003;
Price et al. 2003). Rapid follow-up observations of GRBs at
X-ray energies have provided spectra of the afterglows showing
very high luminosity line emission. Initially, single emission
lines believed to be Fe (Antonelli et al. 2000; Piro et al. 1998,
2000; Yoshida et al. 2001) or Ni (Watson et al. 2002a) were
reported and more recently, transient multiple emission lines
from highly ionized Si, S, Ar, Ca, and possibly Mg and Ni
(Reeves et al. 2002). Analysis of theChandra grating spectra
of the afterglow of GRB 020813 has indicated the presence of
highly ionized states of similar low-Z metals, in particular S
and Si at much lower equivalent widths than observed in GRB
011211 (Butler et al. 2003).

2. OBSERVATIONS AND DATA REDUCTION

XMM-Newton (Jansen et al. 2001) began observing the error-
box of GRB 030227 8 hr after the burst (for 13 hr), and for
the first time a GRB detected by theInternational Gamma-
Ray Astrophysical Laboratory (INTEGRAL; Parmar et al. 2003)
was localized to within a few arcseconds (Loiseau et al. 2003).
Three exposures were made with the European Photon Imaging
Camera (EPIC), the first two interrupted by high background
events. The effective time of the first exposure was less than
1 ks and is contaminated by high particle background; it was
therefore not considered for spectral analysis. Data from the
MOS and pn cameras are consistent, allowing for cross-
calibration uncertainties of�15% between the instruments.
Because of the extra free parameters introduced by allowing
for systematic differences between instruments and the much
greater sensitivity of the EPIC-pn detector, the pn data were
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used for spectral fitting. The final fit results were then checked
against the MOS data and found to be consistent.

The data reduction followed a standard procedure similar to
that outlined in Watson et al. (2002b), except that the data were
processed and reduced with theXMM-Newton SAS version 5.4.1.
A spectral binning using a minimum of 20 counts per bin was
used. Consistent results were obtained using minima of 10, 12,
20, and 25 counts per bin, as expected (Yaqoob 1998), and using
background spectra from different regions on the detector.

The data were divided into four time segments to examine
spectral evolution. The first segment corresponded to the sec-
ond exposure, the remaining three comprising consecutive 10,
10, and 11 ks parts of the third exposure, giving respective
exposure times of 5.7, 8.7, 9.0, and 9.7 ks. In this Letter, quoted
errors are 90% confidence intervals, unless stated otherwise.

3. RESULTS: SPECTRAL EMISSION FEATURES

This is the first afterglow discovered for anINTEGRAL GRB
and had an average 0.2–10.0 keV flux of ergs�0.7 �138.7 # 10�1.3

cm�2 s�1, decaying with a power-law slope of with�1.0� 0.1
no strong evidence for deviations from this decay rate (see
Mereghetti et al. 2003).

The complete spectrum of the afterglow and each time seg-
ment individually can be fitted with a power law and require
absorption well in excess of the Galactic value, with absorption
consistently around twice the Galactic foreground column den-
sity (the Galactic hydrogen absorbing column in this direction
is cm�2, although the uncertainty on this value may2022# 10
be as large as 50%; Dickey & Lockman 1990).

However, the spectrum evolves during the observation,
showing emission lines (see Fig. 1) at observed energies of

, , , , and keV�0.03 �0.02 �0.040.62 0.86 1.11� 0.02 1.35 1.67� 0.04�0.02 �0.03 �0.03

only in the final∼10 ks, approximately 70 ks after the GRB.
The absorbed power-law fit (x2/degrees of freedom [dof]p

85.2/71) is clearly improved in the last segment by the addition
of the line emission (Fig. 2): adding five narrow Gaussian
emission lines (with energy and flux as free parameters) to a
power law with variable slope, normalization, and absorption
gave an improvement in the fit of , corresponding2Dx p 33.3
to a null hypothesis probability of 0.04%. Table 1 contains the
individual best-fit line parameters and significances.

Since four spectra were examined, a conservative estimate of
the significance of these line features is given by theF-test
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Fig. 1.—EPIC-pn spectrum of the final 9.7 ks exposure of the afterglow of
GRB 030227. The effects of the detector response have not been unfolded out
of the data; however, the emission lines are still clearly visible between 0.6
and 2 keV. The data are also not fitted in this figure in order not to lead the
eye.Inset: Statistical confidence contours for the normalized emission-line flux
against power-law normalization for five parameters of interest.

Fig. 2.—EPIC-pn spectrum of the last 11 ks of the afterglow observation.
The data are fitted with an absorbed power law and five Gaussian emission
lines. The Ka lines of hydrogenic Mg, Si, S, Ar, and Ca, redshifted byz p

, are marked with dashed lines. The nominal energies where the Ka lines1.39
of hydrogenic Fe and Ni would be expected (also redshifted by ) arez p 1.39
marked with dotted lines. The continuum is smooth at these energies; no Fe,
Co, or Ni emission is detected.

TABLE 1
Best-Fit Quantities for the Line Emission

Line ID
(1)

Energy
(keV)

(2)
Line z

(3)

Unabsorbed Flux
(#10�14 ergs cm�2 s�1)

(4)

EW
(eV)
(5)

Significance

%
(6)

j
(7)

Mg xii . . . . . . . . . �0.030.62�0.02 1.35 �7.99.1�6.3
�182211�146 97 2.2

Si xiv . . . . . . . . . . �0.020.86�0.03 1.32 �2.74.1�1.8
�83128�57 99.98 3.8

S xvi . . . . . . . . . . �0.021.11�0.02 1.34 �0.82.4�1.0
�3393�39 99.96 3.5

Ar xviii . . . . . . . . �0.041.35�0.03 1.44 �0.90.9�0.6
�4243�27 92 1.7

(Ar xviii) . . . . . . (1.31)
Ca xx . . . . . . . . . . �0.041.66�0.04 1.45 �0.61.3�0.8

�3676�44 99 2.5
(Ca xix) . . . . . . . (1.34)

Note.—Col. (1) lists the probable line identifications. For Ar and Ca, a helium-like ionization state
seems more probable, giving a better match to the inferred redshifts (col. [3]) for the lighter elements.
Cols. (2), (4), and (5) are the observed line energies, unabsorbed fluxes, and observed equivalent widths,
respectively, while cols. (6) and (7) give the statistical significance (percentage probability and equivalent
Gaussian standard deviations) of each line detection (based on theF-test comparison between the best-fit
model with and without the line).

probability for the addition of five Gaussian lines to an absorbed
power law over four independent trials, which is 0.15% (3.1j).
A more realistic estimate of the significance is given by a fit
to an a priori expected model, i.e., that used by Reeves et al.
(2002) to characterize the line emission in GRB 011211. In
this model one expects to observe the H-like emission lines of
Mg, Si, and S and the He-like lines of Ar and Ca at an arbitrary
redshift. The trial-correctedF-test null hypothesis probability
from this model is (4.0j). Finally, one can search�56 # 10
the parameter space directly for the error on the total line flux,
for the relevant parameters of interest (power-law normalization
and slope, absorption, redshift, and total emission-line flux),
yielding a probability of or 4.7j (4.4j for four trials)�73 # 10
for zero emission-line flux (see inset in Fig. 1).

3.1. Comparison with Previous X-Ray Emission Lines

The detection of soft X-ray line emission in GRB 011211
has been criticized on the basis of possible systematic errors
(Borozdin & Trudolyubov 2003) and the level of statistical
significance (Rutledge & Sako 2003). Two later reanalyses of
the data have been unable to reproduce the systematic problem

(Reeves et al. 2003; Rutledge & Sako 2003), and it appears to
be due to nonstandard event selection by Borozdin & Trudol-
yubov (2003).4 Concerns regarding the statistical significance
have been addressed by Reeves et al. (2003).

Similar critical analysis has yet to be addressed to other X-
ray line detections. An interesting comparison of the line de-
tections made to date is the number of photons detected only
in the line emission. For instance, in GRB 991216,∼25 photons
(Piro et al. 2000); GRB 000214,∼35 photons (Antonelli et al.
2000); GRB 020813,∼60 photons (Butler et al. 2003); and
GRB 011211,∼115 photons (Reeves et al. 2003). In all of
these bursts, the number of counts detected per emission line
has been∼25–40. In these observations, we detect∼210 line
photons, nearly twice as many as in GRB 011211 and nearly
an order of magnitude more than GRB 991216; the number of
counts for the brighter emission lines here is∼60 each.

4 We have been able to reproduce the spurious background line found by
Borozdin & Trudolyubov (2003) by including bad events, excluded in standard
processing, lying on avertical chip edge physically unrelated to the location
of the GRB afterglow (which lay near the horizontal chip edge) or the back-
ground regions chosen by Reeves et al. (2002).
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Fig. 3.—EPIC-pn 0.2–10.0 keV light curve for the afterglow of GRB 030227
(gray, left axis) and the variation of the total line flux (with 3j upper limits)
for the longest EPIC-pn exposure (black, right axis). The intrinsic flux in the
lines increases from an undetectable level and becomes noticeable about 70 ks
after the GRB, corresponding to∼27 ks in the progenitor rest frame.

4. PROPERTIES OF THE LINE EMISSION

The lines are remarkably similar to those observed in GRB
011211 (Reeves et al. 2002)—they correspond well to the
hydrogen- and helium-like lines of Mg, Si, S, Ar, and Ca. The
median redshift of these lines is 1.35, where the ions are as-
sumed to be H-like; however, the ionization states in the heavier
elements, Ar and Ca, may be dominated by the He-like ions
(see Table 1), resulting in a slightly lower median redshift of
1.34. The redshift determination is robust; the relative line-
spacing is correct only for lines due to Mg, Si, S, Ar, and Ca
and excludes the possibility of degeneracy in the redshift so-
lution. Previous detections of soft X-ray line emission suggest
that the X-ray plasma may flow out at a velocity∼0.1c (Reeves
et al. 2002; Butler et al. 2003), which is close to that observed
in optical GRB outflows (Hjorth et al. 2003). The progenitor
redshift is therefore anticipated to be .z � 1.6

Line emission alone accounts for about 6% of the total flux
in the final 10 ks, which is an unabsorbed flux of �131.8# 10
ergs cm�2 s�1. Assuming a redshift of and a flat cos-z p 1.6
mology whereH0 p 75 km s�1 Mpc�1 and , this trans-Q p 0.7L

lates to an isotropic line luminosity of ergs s�1 or a452.6# 10
total energy of at least ergs, implying that the lower491 # 10
limit to the energy required to produce the lines is∼2 #
1050 ergs (Ghisellini et al. 2002), within a factor of 2 of the total
gamma-ray energy in the burst (Frail et al. 2001).

4.1. Iron, Cobalt, and Nickel

As with GRB 011211, there is no evidence for emission
from iron; the 3j upper limit to the observed equivalent width
for hydrogenic Fe is 175 eV. However, in this afterglow there
is no evidence for Ni or Co emission either (equivalent width
!140 eV). In order to characterize the relative abundances, a
pure (absorbed) collisionally ionized plasma model was fitted

(without a power-law component).5 The best-fit redshift for this
model was . The minimum (3j) light metal abun-�0.03z p 1.39�0.06

dance was 24 times the solar abundance, compared to upper
limits of only 1.6 and 18 for Fe and Ni, respectively. The
implication of these upper limits is that there is only enough
Fe, 56Ni, and 56Co to produce an order of magnitude lower
abundance of iron than that found for the lighter metals. This
is important, since56Ni is produced in large quantities in SNe
and decays to56Co and then56Fe and none of these products
is observed. A low abundance of Fe, Co, or Ni is not anticipated
in the standard models of GRB progenitors (Pruet, Woosley,
& Hoffman 2003; Vietri & Stella 1998), suggesting either
(1) a different progenitor, intrinsically poor in iron-group el-
ements, or (2) a bias toward observing emission from the outer
layers of the progenitor star and that very little Ni has been
dredged up to these layers by turbulent mixing by the time the
line emission is excited.

Lazzati, Ramirez-Ruiz, & Rees (2002) suggested that a high
Fe abundance may still be present while the Fe Ka emission
is suppressed by Auger autoionization. A model based on re-
flection from an optically thick medium was examined. Avail-
able models (e.g., Ballantyne & Ramirez-Ruiz 2001) are dom-
inated by Fe emission, do not include some abundant metals
(S, Ar, and Ca), and cannot give a reasonable fit to the data at
low energies; however, the model and data were compared at
high energies. One can indeed strongly depress the Fe Ka lines;
however, the model cannot fit the continuum at energies above
7 keV (in the rest frame) because of large Fe absorption. It is
unlikely that this mechanism can both suppress the Fe or Ni
emission and produce a smooth continuum at high energies.
We conclude that Si and othera-burning products but not Fe,
Co, or Ni must be highly abundant in the line-emitting plasma.

4.2. Photoionization

The line emission may result from photo-, rather than colli-
sional, ionization. In this case, the plasma may have quite dif-
ferent properties. A model for a photoionized plasma was de-
veloped with XSTAR,6 allowing variable abundances of the most
abundant elements, and was added to the absorbed power-law
model and fitted to the data from the final segment of the ob-
servation. The data were as well-fitted by this model (x2/dof p
59.3/62) as by the collisionally ionized model (x2/dof p 61.3/
67), although requiring more free parameters. The fit requires a
moderately high ionization parameter, . The best-fitlog Y ∼ 3
redshift ( ) and elemental abundance ratios (high light�0.051.38�0.03

metal abundances, low Fe) are similar to those derived from the
collisionally ionized model above, confirming that these results
are independent of the assumed emission model.

5. IMPLICATIONS OF THE DELAY

Line emission is detected only in the final segment of this
observation (Fig. 3), implying that the lines fade, as observed
in GRB 011211, but also appear some time after the GRB, in
this case 6 or 7 hr in the rest frame. There are two explanations
for delayed line emission and each specifies both the geometry
and the delay in the central power output.

The first involves direct excitation of the lines by the GRB

5 Adding a power law to the thermal fit does not change the plasma tem-
perature significantly but makes the absolute abundances harder to constrain
by adding two extra free parameters; however, the 2j Fe abundance upper
limit is still an order of magnitude less than the light metal abundance, even
after adding an underlying power law to the collisionally ionized plasma model.

6 See http://heasarc.gsfc.nasa.gov/docs/software/xstar/xstar.html.
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event; they must be delayed by taking a much longer path to
the observer than the gamma rays (reverberation). In the second
case, there must be continuing sporadic injection of energy
after the GRB has finished.

In a reverberation-dominated scenario, the minimum dis-
tance from the GRB to the line-emitting plasma can be esti-
mated. It is cm (where the off-axis angle is 90�). If149 # 10
the plasma is flowing out from the stellar remnant at∼0.1c
(e.g., Reeves et al. 2002), it implies a delay of at least 3.5 days
between the event causing the matter outflow (presumably an
SN) and the GRB. If the line emission is produced by the GRB
jet itself, the line-emitting plasma must be very near or in the
edge of the jet. The off-axis angle must then be much less than
90�, implying a longer time delay between the matter outflow
and the GRB. The jet opening angle (and hence the off-axis
angle for the material) can be constrained. Using the method
of Bloom, Frail, & Sari (2001), the equivalent isotropic energy
was derived for this burst (extrapolating theINTEGRAL/SPI
spectrum) and the actual gamma-ray energy release was as-
sumed to be ergs (Frail et al. 2001). The ratio of505 # 10
these numbers implies a half-opening angle of∼15� for the jet.
At this angle, the inferred distance is cm, implying162 # 10
a delay between the matter expulsion and the GRB of about
80 days. An SN considerably prior to the GRB (e.g., a “su-
pranova”) would be a natural interpretation in this scenario
(Lazzati 2003). It should be noted that for delay due to rever-
beration as outlined above, the line-emitting material would
have to be enriched in light elements, poor in iron, nickel, and
cobalt, and concentrated in dense clumps slightly off-axis from
the GRB jet but generally located around this axis, otherwise
the total ejected mass is prohibitively large.

Recent observations of a nearby GRB (030329) show evidence
of an SN in the optical spectra, constraining the SN-GRB time
delay to be less than 3–5 days (Hjorth et al. 2003; Price et al.
2003). If the result is general and all long-duration GRBs have
the same progenitors, as appears likely, then the SN-GRB delay
required in the reverberation scenario for this burst (described
above) disqualifies straightforward reverberation.

An analysis of a different reverberation scenario has been
made by Kumar & Narayan (2003), where gamma- and hard
X-radiation from the GRB and the early afterglow is reflected
back onto the outer layers of the expanding SN. This concept
has the advantage that it does not require a delayed two-stage
explosion sequence (SN, GRB) to produce the reverberation.
Furthermore, it naturally explains the lack of emission from
heavier ions (Fe, Co, and Ni) if the outer layers of the SN
ejecta are dominated by lighter metals. The principal difficulty,

as pointed out by Kumar & Narayan (2003), is that it is hard
to produce X-ray line luminosities greater than 1048 ergs, as
directly observed here.

Finally, we turn to continuing energy injection to explain
the delayed X-ray lines. In the collapsar model (MacFadyen
& Woosley1999), where the radius of the dense matter must
be �1013 cm (the size of an exploding Wolf-Rayet star) and a
single event (the GRB) must produce all the observed features,
the reverberation time is too short to account for the observed
delay. In order to produce emission lines, it has been proposed
(Rees & Mészáros 2000) that a strong post-GRB source is
reflected off the internal edges of a cavity evacuated in the star
by the GRB jet (Zhang, Woosley, & MacFadyen 2003). The
enormous power in the X-ray lines implies that the continuum
luminosity onto the cavity edge must, at the very least, be

ergs s�1 for a duration of a few thousand seconds. A465 # 10
source with this luminosity would equal the X-ray afterglow
continuum observed here and be clearly detected; the contin-
uum source must therefore be either obscured or intrinsically
anisotropic. The more likely proposition is an anisotropic
source as expected for a hot accretion disk (Zhang et al. 2003)
or a young rapidly accreting pulsar with a strong magnetic field
(Rees & Mészáros 2000), both proposed as consequences of a
GRB in a massive star. In normal pulsars, the emission axis is
offset from the rotation axis, as is required here. A natural
corollary of the geometry in the case of the pulsar, if the emis-
sion can be restricted to a cone-shaped beam from the poles,
is that the inner regions of the cavity wall, where the Fe/Ni
abundance can be expected to be highest, may not be illumi-
nated by the pulsar beam, resulting in a light metal-rich but
Fe/Ni–deficient X-ray reflection spectrum because of the lam-
inar separation of elements in an aged massive star.

We note that it is also possible to produce the line emission
from a (nonequilibrium) collisionally ionized plasma where there
is continuous shock-heating of the ejected material. In this case
also, continued injection of energy after the GRB seems to be
required.
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