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Abstract. If y-ray bursts are associated with dense star-formimgth optically thin synchrotron emission by relativistic electrons
regions in young galaxies, photoelectric absorption by the desseelerated at a relativistic blast wave as it expands and sweeps
circumburster material (CBM) will occur. As the burst evolvesjp matter from the surrounding medium (e. g., Katz 1994, Ta-
the surrounding material is photoionized, leading to fluoregani 1996, Wijers, Rees & EsAros 1997, Dermer & Chiang
cence line emission and reduced photoelectric absorption opE@98).
ity. We have analyzed this process in detail, accounting for the If v-ray bursts are associated with the collapse of massive
time-dependent photoelectric absorption, photoionization aoljects (e. g., Pachgki 1998), they are expected to be corre-
fluorescence line emission from the CBM. We find that evenldted with dense star-forming regions and are possibly located
GRBs are hosted in dense star-forming regions, photoionizatieithin them. Recent comparisons of the GRB flux distribution
of the GRB environment leads to a constant, but very weak levéth the star-formation history of the early universe seemto sup-
of delayed fluorescence line emission on timescales of wegkst this hypothesis (Wijers etal. 1998). Ifthisistrue, photoelec-
to years after the burst. A temporally evolving iron K edge altric absorption, photoionization and fluorescence line emission
sorption feature can serve as diagnostic tool to reveal the denaityhe vicinity of y-ray bursts will inevitably occur and might
structure of the CBM and may provide an opportunity for redead to observable consequences. Recentfs®fos & Rees
shift measurements. We also investigated whether photoelectti®898) have qualitatively discussed absorption edges and line
absorption could be responsible for the spectral evolution of tfeatures from atoms irradiated by a blastwave evolving in the
low-energy slopes of some bright BATSEray bursts display- nonradiative regime, for both a low denstiy interstellar medium
ing extremely hard spectra below the peak energy, inconsistenta dense burst environment which might be appropriate for
with the optically-thin synchrotron shock model. We find that the hypernova scenario (Pacski 1998). They suggest that for
very strong metal enrichment-(100 times solar-system abun-reasonable parameter values absorption edges as well as flu-
dances) in they-ray burst environment and a rather peculiasrescence lines and resonance-scattered burst emission could
spatial distribution of the CBM would be necessary in order tme detectable with future, rapid follow-up observations of GRB
account for the observed hard spectra below a few 100 keV afterglows. They also propose that the non-detection of opti-
their temporal evolution. cal afterglows for some bursts for which X-ray afterglows have
been observed and precisely located by the BeppoSAX satellite,
Key words: atomic processes —radiative transfer —gamma ragsiuld be due to photoelectric absorption and extinction by gas
bursts — X-rays: bursts and dust in the GRB environment. Ghisellini et al. (1998) have
discussed the detectability of the iron K edge andfliores-
cence line in this context and suggested that it might provide
1. Introduction a possibility to measure the redshift of GRBs. They also pre-

The recent discovery of X-ray and optical afterglows;efay dict 'Fhat the Fe K& line should still be detectable long after the
bursts as a result of the Italian-Dutch BepoSAX mission (e.gontinuum X-ray afterglow has faded away.

Costa et al. 1997; Metzger et al. 1997; van Paradijs et al. 1997; 1" process of time-dependent photoionization and photo-
Kulkarni et al. 1998) has given strong support for the cosmoloBlECLrc absorption has been studied in detail by Perna & Loeb
ical blastwave model for-ray bursts (Rees & Mszros 1992; 998). They_focus on optical absorptlon_lm_es o_ngmatmg in the
Mésaros & Rees 1993; Katz 1994). The observed tempof@PM and point out the effect that photoionization of the GRB
decay of the afterglow emission, generally well described nvwonment by Fhe burst radiation leads to a reduct!on of the
a power-lawF, (t) o ¢t~ with 1.1 < a < 1.5 (Costa et al. a sorptloln opacity, and suggest the tgmporal evolut|qn of ab.—
1997; Feroci et al. 1998; Piro et al. 1998a) and the overall sp&@rPtion line shapes and equivalent widths as a new diagnostic

tral shape of the afterglow emission are in very good agreem&f! {0 map the GRB environment. This method is applicable
in the case of very dense GRB environments, in which case the

Send offprint requests tM. Bdttcher evolution of the absorption line shapes occurs on a sufficiently
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short timescale to be measurable within the short periods during
which optical GRB afterglows remain observable. 10® [
In this paper, we focus on the observable effects in the g |
X-ray regime of the time-dependent photoelectric absorption,
photoionization and fluorescence line emission processes in the
vicinity of a cosmological-ray burst. We adopt a similar ap- 10° ;
proach to the one used by Perna & Loeb (1998), but additionally;y= >~
implementing the Auger process and fluorescence line emiss’@n " - -
following inner-shell ionization events. We calculate the tempd%10 e
ral evolution of the absorbed burst spectrum, present light curves” 2
of the continuum and fluorescence line emission, and suggest« [ .
observational tests to reveal the density structure of GRB envi- .. |-
ronments on the basis of GRB follow-up X-ray observations.
Another motivation for this work is the finding (Crider et 10°
al. 1997; Preece et al. 1998) that the temporally resolved low-o* |
energy spectra of mamyray bursts during the early phases of
the burst are inconsistent with optically thin synchrotron emis-
sion from ultrarelativistic electrons. This latter process gives &iy. 1. Evolution of the intrinsic (unabsorbed) model GRB spectrum.
energy spectral index/{, < v*) o = 1/3 if electrons in the Parametersty, = 10°* erg,T'y = 300, g = 1.6, = 0, v = 4/3,
blastwave are inefficiently cooled, maintaining an ultrarelativig-= 0-4.
tic low-energy cutoff (Katz 1994) and = —1/2 if synchrotron

cooling is efficient, yielding an electron power-law spectrum. Model assumptions and computational scheme
in energy with indexp = —2. A significant fraction of snap-

shot burst spectra have differential slopes harder than 1/3 at'Me Simulate a relativistic blast wave expanding into and irra-
low-energy end of sensitivity range of the BATSE instrumeﬂ'at'”g and photoionizing a stationary external medlqm. The
(Preece et al. 1998), and in these bursts the low-energy spegt@lution of the blast wave and of the spectrum radiated by
generally evolve from hard to soft during the decay phase ibfS represented by the analytic parametrization of Dermer et
the burst radiation (Crider et al. 1997). We investigated whetrlr (1998). The spectral evolution of our intrinsic model GRB
photoelectric absorption of the intrinsicray burst spectrum SPectra is illustrated in Fig. 1. _

in the vicinity of the GRB could be responsible for the hard The model is determined by the following parameters:
low-energy spectra of GRBs and their temporal evolution. This = 10°" Es4 ergiis the total energy transferred to relativistic
process has first been studied in the context of the low-eneRffyons during the initial explosion, ai@ is the initial bulk
spectra ofy-ray bursts by Liang & Kargatis (1994). Consiglorentz factor of the ejecta forming the relativistic blast wave.
ering the photoelectric absorption of an unbroken power-lal{? termu is the spectral index of thef’, spectrum below the
spectrum by pure neutral iron along the line of sight to a GREPectral break (we use= 4/3, corresponding to optically thin
they found that an absorption depth at the iron K edge of sevep¥fichrotron emission from a relativistic electron population),
hundred is necessary to account for the steegy burst spectra @ndd is the spectral index above the break (we dise 0.4 in

ifthe intrinsic spectrum is an unbroken power-law with the speB4’ calculations; our final results are insensitive to this value).
tral index observed above the break. Assuming a solar-systERf radius of the blast wave at a given time is denoted;by
abundance of iron in the absorbing matter, this correspond<f® the blast wave moves into the external medium, it sweeps
a Thomson depth of > 100, which would result in strong YP external matter and starts to decelerate when the energy of
distortion of the high-energy spectrum due to Compton dowRWEPt-up external matter in the rest frame of the blast wave
scattering. They therefore concluded that this scenario may@si/als the rest-mass energy of the initial ejecta. The radius at
ruled out. Using our detailed photoionization calculations, wehich this happens is denoteg, the deceleration radius. Be-
have re-investigated this idea under more realistic assumptiofd}d this point, the bulk Lorentz factdr of the blast wave
and basically confirm the previous results of Liang & Kargatdecreases according to a power-law in radius, determined by

E [keV]

(1994). the deceleration indey i. e.I" evolves as

In Sect. 2, we describe the model assumptions and the com- Ty for r, < 74
putational procedure which we use to solve the time-dependgii,) = r (1 -9 ‘ <y <M (1)
photoionization and radiative transfer problem. We discuss the 0 (E) Orra=mp = 7aly

expected evolution of photoelectric absorption features and tH;la

o . ) . e CBM is assumed to have a power-law profile in distance
luminosity and light curves of fluorescence lines undervano%xsém the burst, determined by the densityat the deceleration
assumptions for the density in the GRB environment in Sect. ' y

. . o radius and the power-law ind
In Sect. 4 we present a short discussion on the application of our P oK

code to the low-energy spectra of time-resolved BATSE GRB ") ( r )—v
) ="np .

spectra. We summarize and present our conclusions in Sectbxt e 2)



M. Bottcher et al.: Photoelectric absorption in GRB environments 113

The abundances of atoms and ions of the various elememgguires the knowledge of the probability of a K-, L(s)-, and
are characterized by the abundance coeffici&ijts, t), where L(p)-shell photoionization, which is calculated using the respec-
the subscript: characterizes the element, and the superscrigtive (sub)shell photoionization cross sections, and the probabil-
characterizes the ionization state. The density of a given elemigiets for an Auger transition following the respective ionization
a in ionization state is given byn’ (r,t) = n..:(r) Xi(r,t). events, as a function of the number of ejected Auger electrons.
Initially, we assume all elements in the external medium to B@r the elements with nuclear charge< 18, approximate val-
neutral and no metallicity gradients, though the element abures of these probabilities can be found in Weisheit (1974), while
dances are allowed to differ from standard solar-system ab@or-the higher-Z elements the fluorescence and Auger yields are
dances. In our calculations, we include H, He, C, N, O, Ne, Mtgken from Kaastra & Mewe (1993).

Si, S, Ar, Ca, Fe, and Ni, and neglect other elements. The higher ionization stateg ¢ 1) will be populated due

We start our simulation at, < r4, i. €. at a point in time to ionization of lower-ionized ions according to
where the flux of the gamma-ray burst radiation is yet far belo ; i
its maximum value. We split the external medium up into %W) = PUX! /dE Ma;
radial grid with stepg\r. Within each radial zone we calculate dt + i<y E
the absorption optical depth due to photoionization,

(E). (5

Since the radiation field of the GRB is very intense and the
ATaps(r, B) = Ar gy (r) ZX;(T) ol (E), ©) de(?sny_?c’)f surrounding material is assumed to be law
~ 10° em—?), recombination may be neglected in our simulations.

o o We also neglect the effect of resonant scattering of fluorescence
where the photoionization cross sectiarfg ) of all atoms |ine emission because we are mostly interested ininner-shell flu-

and ions are evaluated using_the relevant subroutines of figscence lines (in particular theines) which are generally
XSTAR code (Kallman & Krolik 1998; Kallman & McCray ,on-resonant.

1982). The atoms and ions in each radial zone will be pho- e solve iteratively the system consisting of Egs. (4), (5),
toionized by the incident radiation. As the solution is advancgghq the exponential depletion of the incident radiation field due
by a time stepAt in the stationary frame, it will tak2e a imeétg photoelectric absorption. This scheme is propagated through
interval At,.. = At (1 — B), whereB = /1 —1/I'%, until 5 radial zones until the outer boundery of our model system is
the radiation from the blast wave emitted at the next time stgp;ched and the radiation is assumed to escape freely towards
reaches a fixed point. Thus, we assume that the zone locgigd ohserver. After each time step, the solution is forwarded
at radiusr is iluminated for a time step\,... by t]?)e consz';ant a time stepAt, in which the blast wave moves out a distance
incident spectrun¥(r, E) = Ly (r, E) e ™5 /(4w r?). Ap = ¢ B At. Inthe receiving (observer’s) frame, this corre-

Each ionization state will be depopulated as sponds to a time stefit,.. = At (1 — B). The newr, is used
dX(r,t) : Fg(r,E) to re-calculate the burst emission, and the emitted spectrum is
(dt> = —X,(nt) /dE TUCL(E)~ (4)  processed through the volume still located outsidaccording

to the scheme described above.
Radiative transitions following a photoionization event will re-

sult in a large variety of fluorescence lines. We include 2%0
strong fluorescence lines from N, O, Ne, Mg, Si, S, Ar, Ca,
Fe, and Ni, using the ionization-state dependent fluorescercéaction Y, the fluorescence vyield, of all K-shell ionization
yields and line energies given in Kaastra & Mewe (1993). Wavents of a certain element will be followed by a radiative tran-
assume that all fluorescence lines are emitted isotropically at #ion, resulting in the emission of a fluorescence line photon.
location of the photoionization event. This leads to temporalBor the heavy elements Ca, Fe and Ni, the tansition is the
delayed fluorescence line emission as seen by the observer: filost probable radiative transition following a K-shell ioniza-
fluorescence line radiation from an atom or ion located at a di@@n. As mentioned in the previous section, fluorescence line
tancer from the center, at an angerelative to the line of sight emission will be observable from virtually all parts of the GRB
to the observer, will be observet s = (1 — cosf)r/c later environment, while only a small solid angle1/I"? of the blast
than the spherical light front which has photoionized the atowave contributes significantly to the observed radiation as long
orion. as the blast wave is highly relativistic. This leads to a time de-
Due to the high probability of Auger transitions following day between the direct burst radiation and the fluorescence line
K- or L-shell ionization of heavy atoms or ions, each photoioremission from misaligned directions of the burst environment,
ization event may result in effectively ejecting several electromgich will contribute most of the fluorescence line fluence re-
from the atom or ion. For this reason, e. g., it takes on averagidting from the burst if, as we are assuming throughout this
typically only 12, rather than 26 hard X-ray photons to ionize@aper, the GRB emission is uncollimated.
neutral Fe atom completely. This is accounted for by means of a The maximum time delay of this fluorescence line emission
transition probability matrix, describing the probabil®j’ of may be estimated from the size of the ionization sphere of the
transition from ionization stateto any higher ionization state GRB, which is the region where a certain element is essentially
j after photoionization of an iofu, 7). (Without the Auger pro- completely ionized. In a dense environment (which we call the
cess,PhJ = §;11 ;.) The evaluation of this probability matrix optically thick limit), the ionization radius is determined by the

Absorption edges and delayed fluorescence line emission
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the burst. We obtain
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wherek is a normalization actor, no (Cm-S)

0.33¢2~2  in the non-radiative limitg = 3/2), . . . o .
k= { 0.30€¥~2 in the radiative limit § = 3), (8) Fig. 2. The delay timescale of fluorescence line emission of iron and
P hydrogenionized by a GRB evolvinginthe radiative limit (thick curves)
6 = Eg/(me(:Q) is the normalized photon energy of the peaRnd in the nop-radiative Iimit (light curves), respectively, in a uniform
of the vF, spectrum at the peak of the burst light curvg, = external medium as afunction ofe;l(ternaldenﬂﬁyParametersﬁo =
EK/(meCQ) is the normalized K-edge energy, and= 3(2 g+ 3(;0, 1(; =4/3,5 = 0.4, E; = 10°* erg, standard solar-system iron
1)/(4g9+n/2). Here, we have assumed that the K-edge ener%yun ance.
is much smaller than the peak of thé,, spectrum of the burst
in the early phase of the burst, i.g < ¢,. The flux in fluorescence lines during this afterglow phase
In a dilute environment (which we call the optically thins expected to remain roughly constant over the entire dura-
limit), the ionization radius is determined by the probability fotion of the fluorescence line afterglow because the volume from

an atom in the CBM to be ionized by a photon of the GRRhich fluorescence line emission can be observed at any given

radiation, which translates to the condition time scales adV « r? Ar o t2 At, whereAt is the duration
o of the prompt GRB emission. This volume is illuminated by
p Npn(e) ) 9 @ continuum flux which scales & o« r=2 « t~2 (only the
€ () dm2 ) outermost light fronts will be significantly affected by photo-
€K electric absorption; thus, the illuminating fluence spectrum is
This yields basica!ly the _intrinsic burst spectrum), an_d a constant fra(_:tion
A of this flux is absorbed and re-radiated in fluorescence lines.
. k Ey Ag e}(_“’ 1/2 Thusl,Lﬂ x AF AV = const. . -
Tion(0pt. thin) = | ————F— ; (10) Figs. 3 and 4 demonstrate the results of numerical simu-
drme 22 [2 4+ w]

lations for the case of a dilute, uniform medium with =
whereZ is the nuclear charge of an atom/ion of speaiaad we 10 cm~2 extending out to a distance of,,, = 10 kpc from
have approximated the photoionization cross sectian,0y) ~ the location of the explosion. This might be representative of
(A0/Z?) (e/er )2, where Ay = 6.3 - 10718 cn? andex ~ the case that the GRB is hosted within a galaxy, but not directly
2.66-107° Z2. inside a star-forming region. Here we use the standard param-
The delay timescale for fluorescence line emission is giveters for the intrinsic GRB spectrum as quoted in the previous
by 771 = rion/c. The expressions for the optically thin andsection. Fig. 3 shows the observable GRB spectra for various
optically thick limits are joined smoothly. In Fig. 2, the sizeobserving times. An iron absorption edge around 7 keV is visi-
of the ionization radius of hydrogen and iron is plotted astde. Even in the late afterglow phase the burst spectrum remains
function of the external density for standard parameters witleavily absorbed below a few keV. On the scale adopted in this
the solar-system iron abundance®f. = 3.16 - 10~°. The figure, only a weak fluorescencexine complex of oxygen at
figure demonstrates that extremely long afterglow durations &&2 — 0.58 keV is visible. In Fig. 4, we plot the light curves of
expected from fluorescence line emission. The actual duratitve energy flux in Fe K fluorescence line emission compared
of the afterglow will generally be determined by the physicab the continuum fluxes in the same energy band and at hard
size over which the CBM has a substantial density, rather thdfrays (40-50 keV). In agreement with our analytical estimate,
by the supply of ionizing photons from theray burst. This the fluorescence line flux stays on a basically constant level until
corresponds to an expected fluorescence line afterglow duratioa time delay to the GRB equals the light travel time through
of order months to years even if the GRB is associated withee ionized medium. However, as is also obvious from Figs. 3
dense star-forming region. and 4, the expected flux of this long-duration line afterglow is
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Fig. 3. Temporal evolution of the observed GRB spectra at variolisg. 5. Temporal evolution of the observed GRB spectra at various
times after the initial explosion. Parametets:= 10° cm ™3, 700 =

times after the initial explosion. Parametets:= 10 cm™3, 7o =

10 kpc, T’y = 300, standard solar-system element abundances.

1 pc, Ty = 150, standard solar-system element abundances.
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Fig. 4.Energy flux light curves in the iron&line band and in the hard Fig. 6. Energy flux light curves in the ironline band and in the hard
X-ray continuum for the GRB spectral evolution shown in Fig.2.  X-ray continuum for the GRB spectral evolution shown in Fig. 4.

very low compared to the prompt burst emission. For a GRBIx stays on a constant level over a timescale of one light travel
located at: = 1, the luminosity shown in Fig. 4 translates intdime through the ionized region( 3 years in our example).
aflux of Fre gko ~ 6-10712 erg cnm2 s~! (where we adopted At a redshift ofz = 1, the iron Ku fluorescence line flux is
Hy=75kms ! Mpc!, g =0.5 A=0). Freka ~3-10717 ergcm s over~ 5yr. Note that the times
Figs.5 and 6 illustrate the spectral evolution of a GRB iquoted in all figures refer to the reference frame at the redshift
a dense environment, more appropriate to a star-forming ofthe burst.
gion. Here, we assume a uniform external matter density of As in the case of optical absorption lines investigated by
no = 10° cm3, extended out ta,,, = 1 pc.Ty = 150 Perna & Loeb (1998), we find that due to photoionization in a
is used; all the other parameters are the same as for the plense GRB environment any X-ray absorption features (with
vious example. Fig. 5 reveals that in this case the environméimé Fe K edge being the most prominent one) will disappear
is photoionized rapidly because most of the absorbing materiapidly after the onset of the GRB, on timescales which are
is very close to the GRB and therefore receives a very largsti-correlated with the external matter density and positively
ionizing flux, implying that it becomes optically thin to photo-correlated with the size of the region over whith the CBM is
electric absorption very quickly. This results in the rapid digextended. The detection of a varying Fe K edge in GRB X-
appearance of the iron K absorption edge afteil s. After ray spectra therefore provides a means not only to measure the
~ 1.8 min., the CBM becomes optically thin to photoelectricedshift of the GRB independently (only if the edge significantly
absorption at virtually all frequencies. The fluorescence linaries, however, can one be sure that the absorption happens in
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014 ke e ‘ ‘ ‘ an instrument having an effective area of a fe&3 cm? at the
B red-shifted line energy with an exposure 66 ksec would yield
0.12 Y \{/T — =L N, =307 1 < 1count. The fluorescence line fluxes are strongly limited by
= ) VoL e 0 ';H;ii?, the fact that the hydrogen column density towards the GRB is
£ o010 o \ Vo Lo =10 N, =31107 1 restricted toNy < 10%* cm~2 since there is no evidence for
£ ) \ LT 232184: m:ig*igzz Compton downscattering in the high-energy spectra and time
s 008 ¢ AL I 1 profiles of GRBs.
S o6l Lo Mo =10, N, =310 ] The shape of the fluorescence line light curves we find in
z ! \ RN our simulations differs only slightly from the analytical results
D 04 | ‘-‘ v T 1 of Ghisellini et al. (1998), who find that the fluorescence line
| \ \ afterglow should decay as a power-ldW.x, () o t~9%1 af-
0.02 t ! ‘{ \ 4 ter a maximum shortly after the burst. We attribute this minor
‘.\ \ \ discrepancy to the fact that in the analytical treatment of Ghis-
00 7 1 o I i i eIIin_i et al. (1998) the effect of phptoionizati_on on the GRB
t,,. [s] environment is neglected. As mentioned earlier, the rapid pho-

toionization of the CBM by the leading light fronts of the burst

Fig. 7. Temporal evolution of the equivalent width of the iron K edgegdiation renders the environment optically thin to photoelec-
for different values of the CBM densityz§ in units of cnm?) and

the hvd | densi ) s of cm2). Standard GRB tric absorption to the later light fronts which therefore remain
€ hydrogen column e”S'W@f In units of cm 7). Stan aff, basically unabsorbed. Thus, the illuminating fluence spectrum
parameters and solar-system iron abundafge.(= 3.16 - 10~°) are . S . . Lo
used. The curve wittVy = 3 - 102* cm™2 is multiplied by a factor received by any point in the CBM is basically the intrinsic, un-
of 10, the curves wittNy = 3 - 102* cm~2 are multiplied by a factor absorbed burst spectrum.
0.1 for clarity. Perna & Loeb (1998) used a temporal decay of the after-
glow emission ofF, (t) o t~3/4, which yields a rather strong

_ late-time dependence of the variation of the absorption features
the CBM), but also to map the density structure of the GREecause most of the fluence from the burst is emitted in the after-

environment. In Fig. 7 we have plotted the temporal evolutigflow. Our choice of parameters leads to a temporal decay with
of the equivalent width index > 1.1, in agreement with observations, and a much less

0o pronounced variation of the absorption and fluorescence line
EW — / dE (1 _ e_rm[E]) (11) features at late times (& Aros & Rees 1998). In particular,
most of the variation in the Ly absorption edge will occur on
Ex

the time scale on which the peak of thé,, spectrum is above
of the iron K edge for various combinations of the densitjie Lya edge energy, which is typically a few hours. This is also
and hydrogen column density (assuming standard solar-syst8freason why the variation in the Fe K edge equivalent width
abundances) of the CBM. The figure demonstrates that &@plotted in Fig.7 occurs on very short time scales, typically
necessity to observe a time-varying Fe K edge restricts tMighin the first few seconds of the burst.
technique for measuring redshifts to fairly dense environments The fluxes calculated here scale basically linearly with the
(n > 100 cm ™3, rq. < 100 pc) in which the evolution of the total burst energyE,. The recent redshift determinations of
Fe K edge is expected to be observable. Note that in any c&B 971214 (Kulkarni et al. 1998) and GRB 980703 (Djor-
the evolution of the Fe Kedge happens on atimesce@bj S. gOVSki et al. 1998b) seem to indicate that GRBs are at Iarge
It therefore appears to be subject to the same principal restA@smological distances, and their total energy release is in ex-
tions as the detection of optical absorption lines and requil@ss 0fl0°* erg. The choice of;, = 10°* erg, which we adopted
rapid follow-up X-ray observations of-ray bursts and moder- in the two examples illustrated above, might therefore be rep-
ate spectral resolution at energiesl keV during the prompt resentative of bright bursts.
phase of the GRB.

In contrast, the fluorescence Fe-line emission is observEdThe low-energy slopes of GRB spectra
on very long time scales. In order to follow fluorescence line

afterglows of GRBs, no fast slewing of an X-ray telescope Is order to investigate whether the low-energy spectra of GRBs
required or even helpful since they stay at a constant flux oxae consistent with an optically thin synchrotron spectrum de-
timescales of months to years. The fluorescence line flux omleted by photoelectric absorption, we have fitted time-resolved
dominates over the continuum flux from the burst after seveBATSE spectra of GRBs with a Band model (which is very
months in the calculation shown. However, we find that even fsimilar to our analytical parametrization of the GRB spectrum),
very dense GRB environments the fluorescence line fluxes veillffering photoelectric absorption in a neutral medium where
hardly be detectable even with upcoming X-ray satellite mitie opacity is calculated using the model of Morrison and Mc-
sions such as AXAF or XMM: a flux o0~ 16 erg cnm2 s=!  Cammon (1983). The asymptotic low-energy slags fixed to

in the Fe kv line (which is a very optimistic estimate), corre—2/3 (photon number index). For details of the fitting proce-
sponding to~ (1+ z)-10~8 photons cm? s, observed with dure, in the framework of an extensive study of the low-energy
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Fig. 8.Fit to a time-resolved BATSE spectrum of GRB 970111 using a
Band model with photoelectric absorption. The spectrum is integrat&RB progenitor (which could be a supermassive star, causing
from 0.029 to 2.112 s. The fit results in a neutral hydrogen column gfe GRB in a hypernova explosion, see Paisky 1998) and/or
Ny = 1.83-10*° cm™? (assuming solar-system abundances), Corgy massive stars in the vicinity of the GRB, if it is located in a
sponding to an absorption depth at the iron K edge;of= 258, and - gtar_forming region. The requirement that the Thomson depth
has ay;, = 1.46. of the CBM be< 1 implies that the iron enrichment relative to
solar-system abundances in the burst environment would have
to be of the order of 100. In order for the iron in the circumburst
spectra of BATSE GRBs, see Crider et al. (1998). One examphaterial to be completely photoionized within a few seconds,
of our fits to GRB 970111 using the Band model with photdhe metal-enriched matter must be highly concentrated around
electric absorption is shown in Fig. 8. The fit has a reduged the burst location;,,,.,, ~ 0.2 pc. For ametal enrichment factor
of 1.46, and there appear to be systematic deviations at phatdd 00, this implies an average density in the immediate GRB
energies below~ 100 keV. Furthermore, there were 10 timesnvironment ofng ~ 5 - 10 cm™3. We did a model simula-
bins for which no fit with the photoelectric-absorption moddlon adopting such parameters, which roughly reproduces the
was possible at all. temporal evolution of the photoionization opacity as required

Our fits using an underlying’, o '/3 spectrum at low by the fits to the time-resolved BATSE spectra of GRB 970111.
X-ray frequencies indicate that slightly lower valuesrgfare This is illustrated in Fig. 9.
required in order to achieve acceptable fits to the data than in Fig. 10 shows that this scenario would result in a consid-
the situation investigated by Liang & Kargatis (1994), whererable luminosity of delayed FeKfluorescence line emis-
the intrinsic burst spectrum was assumed to be a straight povgeon, dominating over the X-ray afterglow continuum after
law. However, the fits still require, = 100 for the first few ~ 2 (1+ z) days, which at = 1 would translate into a line flux
seconds of the burst. An example of the resultipyalues is of Fr.xo ~ 10714 ergent2 s~1. This flux is still in agreement
plotted in Fig. 9. Assuming a solar-system abundance of irarith the non-detection of Fedlline emission in any GRB X-ray
in the burst environment, this would correspond to a Thorafterglow observed so far, even those observed by ASCA (e.g.,
son depth ofrr 2 100. Therefore the CBM would be highly GRB 970228: Murakami et al. 1997, GRB 970828: Yoshida et
opagque to Thomson downscattering and would cause any shalt1997). A Fe K line flux of ~ 10~!* erg cn2 s7!, corre-
term fluctuations in the intrinsic burst radiation to be smearsgonding to~ 210~ photons crm? s~! at a photon energy of
out over a typical timescal&t ~ 77 r,.q../c. Both of these ~ 3.2 keV, would even be hard to detect, e.g., with the ACIS-S
consequences of such a highare in obvious contradiction to detector on board the AXAF satellite within a reasonable expo-
the observations. sure time £ 100 ksec).

The above result suggests that the only way in which photo- Thus, from the analysis of photoelectric absorption, pho-
electric absorption could efficiently affect the low-energy slopésionization and fluorescence line emission alone, the idea of
of GRB spectra up te- 100 keV would be a strong enhance-the hard low-energy slopes of time-resolved BATSE GRB spec-
ment oftheiron abundance inthe CBM. This could happen as the being the result of photoelectric absorption in the CBM can-
consequence of a metal enriched stellar wind produced by tia be formally ruled out. However, the required extremely high
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10 dependent redshift indicator, as well as a method to map the

5 GRB environment. This method is applicable to a dense envi-
cont. (40 - 50 kev) ronments such as star-forming regions. In more dilute, extended
10° [ 7 Leont (6.4-6.7kev) 3 environments, the flux of the GRB emission becomes too weak
" Lre ka at large distances from the burst location to be efficient in terms
of photoionization.
107 L i We find that the ionization sphere, out to which photoion-
ization and subsequent fluorescence line emission are efficient,
is typically determined by the size of the region of considerable
10° [ 1 density around the GRB. This implies that the fluorescence line
flux will remain relatively constant over timescales of months
107 ¢ 3 toyears. Thisimplies that rapid follow-up observations-ay

i B N —— bursts are not needed to search for fluorescence lines. Instead, if
a \] there is any chance at all to detect fluorescence line afterglows,
G 5 5 < G L s -+ the candidate host galaxies of GRBs should be monitored with a

s [S] sensitive X-ray pointing instrument such as AXAF over weeks

. . . . . to years after the GRB.
Fig. 10. Energy flux light curves in iron K lines and in two X-ray The depth of the Fe K absorption edge yields a measure of
continuum bands resulting from the simulation reproducing the specttr |

al . .
evolution of GRB 970111 (Fig. 9). The continuum flux at 6.4—6.7 ke\}1e Fe columr} density qf the CBM, Whl!e the rate c.)f decrease
is too heavily absorbed to be visible on the scale of this plot. of the absorption edge (if observable) yields an estimate of the

average distance of the CBM from the burster, thus allowing

an estimate of the density structure of the GRB environment.
metal enrichment and the peculiar spatial distribution necessate level of fluorescence line flux relative to the peak flux of
to reproduce the best-fit absorption depths look like fine-tunitige GRB continuum is also related to the average density of the
and seem unlikely to be produced in a natural way. Furthermo@BM. While most of the parameters determining the evolution
the fits to the time-resolved BATSE spectra of GRB 970111 witif a GRB blastwave in the framework of the cosmological blast-
the photoelectric-absorption model were at best marginal. Tivave model may be deduced from the flux and fluence spectra
BeppoSAX data on GRB 970111 (Feroci et al. 1998) constraind spectral evolution of the prompt GRB emission and the
the photoelectric-absorption model severely, depending on teatinuum afterglow (if the redshift of the source is known),
(unknown) redshift of this burst. In the fits presented above, ttiee density of the CBM always remained a free parameter. The
absorber was assumed to be located at0. If the redshift of absorption edges and the fluorescence line afterglow predicted
GRB 970111 isz > 1, implying that the iron K edge is nearin this paper provide a method to map the density of material
or below the low-energy end of the BeppoSAX WFC energyn the GRB environment. Observation of vanishing absorption
range, then tt 2 — 10 keV flux vould have been heavily ab-edges and/or fluorescence lines following a GRB also provides
sorbed and thus undetectable by the WFC. Crider et al. (19@8)ery accurate measure of the redshift of the GRB. If the red-
show that in this case the combination of time-resolved BAT SHift of the host galaxy could be measured independently, this
spectra with simultaneous BeppoSAX data indicates that tbeuld confirm or rule out the yet unproven claim that those
photoelectric-absorption model is most likely inconsistent witBRBs which are spatially coincident with host galaxies (e.g.,
the broadband X-ray spectrum of GRB 970111. GRB 970508: Bloom et al. 1998, GRB 971214: Kulkarni et
al. 1998, GRB 980613: Djorgovski et al. 1998a, GRB 980703:
Djorgovski etal. 1998b) are actually located within the proposed
host galaxy.
We have analyzed the effects of photoionization, photoelectric Our prediction of the flux level of the fluorescence line after-
absorption and fluorescence line emission in the vicinity of co#lows is based on the assumptions that (1) the respective GRB is
mologicaly-ray bursts. Under the assumptions that the GRBcated within the proposed host galaxy, (2) the GRB emission
emission is isotropic and GRBs are hosted in galaxies, we hawésotropic, and (3) the CBM is isotropic. If the assumption (2)
calculated the expected time-dependence of photoelectric &R0t true, only a small solid angle of the CBM is photoion-
sorption features in the X-ray afterglowspfay bursts and the ized by the GRB radiation, which is why only a comparatively
flux and light curves of fluorescence lines from the photoionizé&hall volume can contribute to the fluorescence line afterglow.
CBM. Furthermore, since this volume is exclusively located at small

We find that an Fe K edge is the most easily detectable sgfigles to our line of sight, only small time delays result. There-

nature of the CBM in the X-ray continuum afterglows of GRBJore, the fluorescence line emission will be overwhelmed by
If the effect of photoionization on the CBM is identified bythe bright continuum afterglow. An anisotropy of the CBM, in
virtue of a reduction of the optical depth at the iron K edge &9ntrast, could greatly enhance the observable fluorescence line
the burst evolves, this absorption can be attributed to matefldk- The recent marginal detection of a red-shifted Felide
in the immediate vicinity of the GRB and may serve as an iff? the X-ray afterglows of GRB 970508 (Piro et al. 1998b) and

10

5. Summary and conclusions
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GRB 970828 (Yoshida et al. 1998) might be an indication fttaastra J.S., Mewe R., 1993, A&AS 97, 443
strong anisotropy of the CBM. Kallman T.R., Krolik J.H., 1998, The XSTAR User’s Guide
We have re-analyzed the possibility of photoelectric affallman T.R., McCray R.A., 1982, ApJS 50, 263
sorption causing the hard low-energy slopes of time-resolvatz J.I., 1994, ApJ 432, L107
BATSE GRB spectra. The fits using this spectral form are Egggrg' If’"lf;rzléﬂlsg\?% leg ;’fi ;5432 111
e oo A £ P Kiunos M i ., idr . 987 53 479, L5
. ffesaros P., Rees M.J., 1993, ApJ 405, 278
the observed spectral evolution gf the onv—e!’lergy spectrum,\ggsz{mS P. Rees M.J.. 1998, MNRAS 299, L 10
GRB 970111. We therefore confirm earlier findings that altefret,ger M.R., et al., 1997, Nat 387, 878
native mechanisms are more likely to be responsible for thrrison R., McCammon D., 1983, ApJ 270, 119
hard low-energy snapshot spectra of GRBs and their spectiakakamiT., Ueda Y., ShibataR., etal., 1997, In: Meegan C.A., Preece
evolution. R.D., Koshut T.M. (eds.) 4th Huntsville Symposium
Paczyski B., 1998, ApJ 494, L45
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