A&A 438, 829-840 (2005)
DOI: 10.1051/0004-6361:20042532
© ESO 2005

A8§tronomy
Astrophysics

The puzzling case of GRB 990123: prompt emission
and broad-band afterglow modeling*

A. Corsi'2, L. Piro', E. Kuulkers?, L. Amati*, L. A. Antonelli’, E. Costa', M. Feroci', F. Frontera*®, C. Guidorzi®,
J. Heise’, J. in ’t Zand’, E. Maiorano*8, E. Montanari®, L. Nicastro’, E. Pian'?, and P. Soffitta'

! TASF-CNR, via Fosso del Cavaliere 100, 00133 Rome, Italy
e-mail: Alessandra.Corsi@rm.iasf.cnr.it

IASF-CNR, via Gobetti 101, 40129 Bologna, Italy

=T - Y B N N S

IASF-CNR, via Ugo la Malfa 153, 90146 Palermo, Italy

S

Received 14 December 2004 / Accepted 21 April 2005

University “La Sapienza”, Piazzale Aldo Moro 5, 00185 Rome, Italy
ESA-ESTEC, Science Operations & Data Systems Division, SCI-SDG, Keplerlaan 1, 2201 AZ Noordwijk, The Netherlands

Rome Astronomical Observatory, via di Frascati 33, 00044 Rome, Italy

Physics Department, University of Ferrara, via Paradiso 11, 00044 Rome, Italy

Space Research Organization Netherlands, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands
Astronomy Department, University of Bologna, via Ranzanil, 40126 Bologna, Italy

INAF, Osservatorio Astronomico di Trieste, via G.B. Tiepolo 11, 34131 Trieste, Italy

Abstract. We report on BeppoSAX simultaneous X- and y-ray observations of the bright y-ray burst (GRB) 990123. We
present the broad-band spectrum of the prompt emission, including optical, X- and y-rays, confirming the suggestion that
the emission mechanisms at low and high frequencies must have different physical origins. In the framework of the standard
fireball model, we discuss the X-ray afterglow observed by the Narrow Field Instruments (NFIs) on board BeppoSAX and its
hard X-ray emission up to 60 keV several hours after the burst, detected for about 20 ks by the Phoswich Detection System
(PDS). Considering the 2—10 keV and optical light curves, the 0.1-60 keV spectrum during the 20 ks in which the PDS signal
was present and the 8.46 GHz upper limits, we find that the multi-wavelength observations cannot be readily accommodated by
basic afterglow models. While the temporal and spectral behavior of the optical afterglow is possibly explained by a synchrotron
cooling frequency between the optical and the X-ray energy band during the NFIs observations, in X-rays this assumption
only accounts for the slope of the 2—10 keV light curve, but not for the flatness of the 0.1-60 keV spectrum. Including the
contribution of Inverse Compton (IC) scattering, we solve the problem of the flat X-ray spectrum and justify the hard X-ray
emission; we also suggest that the lack of a significant detection of 15-60 keV emission in the following 75 ks and last 70 ks
spectra, should be related to poorer statistics rather than to an important suppression of IC contribution. However, considering
also the radio band data, we find the 8.46 GHz upper limits violated. On the other hand, leaving unchanged the emission
mechanism requires modifying the hydrodynamics by invoking an ambient medium whose density rises rapidly with radius and
by having the shock losing energy. Thus we are left with an open puzzle which requires further inspection.
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1. Introduction

GRB 990123 was one of the brightest y-ray bursts detected by
the BeppoSAX satellite; it was also observed by the Burst and
Transient Source Experiment (BATSE) on-board the Compton
Gamma-Ray Observatory (CGRO) as trigger # 7343 (Briggs
et al. 1999). The Gamma-Ray Burst Monitor (GRBM) was trig-
gered by GRB 990123 on 1999 January 23.40780 UT, approx-
imately 18 s after the CGRO trigger. The burst was simultane-
ously detected near the center of the field of view in Wide Field

* Appendix A is only available in electronic form at
http://www.edpsciences.org

http://www.edpsciences.org/aa

Camera (WFC) unit 1 (Feroci et al. 1999); the WFC “quick
look” localized the burst within a radius of 2 arcmin (99% con-
fidence level).

With a redshift of z = 1.6004 and a luminosity distance of
3.7x10% cm (Kulkarni et al. 1999a), a y-ray (40—-700 keV) flu-
ence of Fy, = (1.9 £ 0.2) x 107* ergs cm ™2 implies an isotropic
energy release in y-rays alone of about 1.2 x 10°* ergs (see also
Briggs et al. 1999; Kulkarni et al. 1999a). GRB 990123 would
have been notable even just for this reason. Furthermore, it was
the first burst from which simultaneous y-ray, X-ray and op-
tical emission was detected. The prompt announcement of the
burst position resulted in intensive multi-wavelength follow-up

http://dx.doi.org/10.1051/0004-6361:20042532



http://www.edpsciences.org/aa
http://dx.doi.org/10.1051/0004-6361:20042532

830

observations that brought a wealth of new results: the discovery
of prompt optical emission (Akerlof et al. 1999), the detection
of short lived radio emission (Kulkarni et al. 1999b), the first
observation of a clear break in the optical afterglow light curve
(Kulkarni et al. 1999a; Fruchter et al. 1999; Castro-Tirado et al.
1999; Holland et al. 2000), the first constraint on the polariza-
tion of a GRB afterglow (Hjorth et al. 1999).

We refer the reader to the paper of Maiorano et al. (2005)
for the complete analysis of the multi-wavelength afterglow
data. In this paper we present the BeppoSAX GRBM and
WEFC observations of the y- and X-ray prompt event of
GRB 990123 (Sect. 2.1) and analyze the spectral properties of
its X-ray afterglow (Sect. 2.2). We discuss the observed prompt
and afterglow emission comparing them with the predictions
of the “forward plus reverse shock” standard model. While the
broad-band spectrum of the burst confirms a reverse shock ori-
gin of the optical flash (Sect. 3.1), the multi-wavelength after-
glow cannot be readily explained by basic models (Sect. 3.2).
Errors on the parameters will be given at 90% confidence level
(Ay? = 2.7 for a one parameter fit).

2. The observations
2.1. The prompt event

The burst was detected by the BeppoSAX GRBM and WEFC.
The GRBM (Amati et al. 1997; Feroci et al. 1997) consists
of the 4 anti-coincidence shields of the Phoswich Detection
System, PDS (Frontera et al. 1997; Costa et al. 1998) and
it operates in the 40—700 keV energy band. The normal di-
rections of two GRBM shields are co-aligned with the view-
ing direction of the WFCs. The WFCs (Jager et al. 1997)
consist of two identical coded aperture cameras, each with a
field of view of 40° x 40° full-width to zero response and
an angular resolution of about 5’. The bandpass is 2 keV
to 28 keV. The spectral resolution is approximately constant
over the bandpass at 20% FWHM. In Fig. 1 the time profile
of the burst is shown in various band-passes. The y-ray sig-
nal is detected for about 100 s with the GRBM (Fig. 1, bottom
panel); it presents two major pulses, the brighter of which has
a peak intensity of (1.7 + 0.5) x 107 ergs cm™2 s~! between
40-700 keV. The total fluence between 40 keV and 700 keV is
(1.9 +0.2) x 10~* ergs cm~2; this value improves the one given
in Amati et al. (2002).

The burst profile at lower energies (2—-10 keV and
10-25 keV) as measured by the WFC is shown in the top
panels of Fig. 1. Near the end of the measurement the WFC
was pointing close to the Earth horizon. Since the atmospheric
absorption then plays an important role, the low-energy X-ray
light curve was particularly affected: at 80 s after the trigger the
Earth-atmospheric absorption is about 30% at 5 keV and the
subsequent decay in the X-ray curve is partially due to the at-
mosphere. The portion of the light curve where more than 10%
of the intensity is lost due to this effect is indicated by a dot-
ted curve. The two X-ray light curves end when GRB 990123
sets below the Earth horizon. Note that the GRBM light
curve is not influenced by the Earth atmosphere. The struc-
ture in the first 80 s of the X-ray light curves indicates a
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Fig. 1. Prompt burst profile of GRB 990123 at X-ray (WFC: 2-10 keV
and 10-25 keV) and at y-ray (GRBM: 40-700 keV) energies. Count
rate (counts s~') is given as a function of time after the GRBM trig-
ger, i.e. 1999, Jan. 23, 09:47:14 UT. Since the X-ray burst was close
to the Earth horizon, atmospheric absorption plays an important role.
At 80 s after trigger the Earth-atmospheric absorption is about 30%
at 5 keV and the subsequent decay is partially due to the atmosphere.
The dotted line refers to the part where we loose more than 10% of
the intensity due to this effect. The two X-ray light curves end when
GRB 990123 sets below the Earth horizon. Note that the y-ray light
curve is not influenced by the Earth atmosphere. Typical error bars are
given in the left part of the panels. Indicated in the bottom panel are
the time of the BATSE trigger and the prompt optical measurements
(ROTSE, Akerlof et al. 1999).

softening of each pulse, together with an increase in duration
with decreasing energy. As remarked by Briggs et al. (1999)
and by Frontera (2004), during the first two pulses the hard-
ness of the GRB is correlated with the intensity. After the sec-
ond pulse, a hard-to-soft evolution, typical of most GRBs, is
seen. In the 2-25 keV and 2—10 keV energy bands, the fluence
is (7.8 +0.4)x 107° ergs cm 2 and (3.1+0.3)x 107 ergs cm2,
respectively; these estimates must be considered as a lower lim-
its due to the eclipse discussed above.

The model fitting of the data is done using the standard
forward-folding technique (Briggs 1996): in each instrument
we assume a photon model and convolve it through a detec-
tor model to obtain a model count spectrum. The model count
spectrum is compared with the observed count spectrum and
the photon model parameters are optimized so to minimize a
x? statistic. The vf, data points are then calculated by scal-
ing the observed count rate in a given channel by the ratio of
the photon to count model rate for that channel; this ratio, and
therefore the photon data points, are model dependent.

The spectrum of the burst can be modeled by using the
smoothly broken power-law proposed by Band et al. (1993),
whose parameters are the low energy index n;, the break
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Fig. 2. Simultaneous multi-wavelength spectra derived at three times
during the burst (ROTSE V band, X-ray and y-ray, see also Table 1).
The ROTSE data points have been connected with a line to the best fit
model at 2 keV to guide the eye. The solid line connects the points rel-
ative to the first ROTSE observation, the dashed line those relative to
the second ROTSE observation and the dashed-dotted line those rela-
tive to the third one. The corresponding times of the spectra are given
in Table 1 in seconds after the GRBM trigger. The data relative to the
first (third) time interval have been shifted up (down) of a factor 1000.

energy Ey, the high energy index n,. If we express E and Ej
in keV, the Band function has the following expression:

E ym E
NE) o« [————] xexp|-— 1
( )“(100 keV) eXp( EO) M
for E < (1 — m2) X Ey, and:
(m —m) X Ep |"™™ ( E )"2
ME) = [ 100 keV xexp =) X\ 150ey ) @

for E > (11 — m2) X Ey. In the case of GRB 990123, the best fit
values for the 2 — 700 keV integrated spectrum of the burst are:
n =-0.89+0.08,17, = -2.45+0.97 and Ey = 1828 + 84 keV
(Amati et al. 2002), where Ej is expressed in the GRB cosmo-
logical rest-frame; at a redshift of z = 1.6, it corresponds to an
observed value of Ey = 703 + 32 keV.

Using the Band function as the model spectrum, we per-
formed a spectral fitting of the WFC and GRBM data at the
epochs of the detection of the prompt optical emission (Akerlof
et al. 1999), indicated in the lower panel of Fig. 1. In Fig. 2
we plot the time resolved X- to y-ray spectra and the three
ROTSE data points; in Table 1 we report the fluxes and the
best fit spectral indices in the WFC and GRBM.

Since the value of E; derived from the 2 — 700 keV in-
tegrated spectrum is consistent with being above the energy
range of the GRBM channels, we set the high energy spec-
tral index 7, equal to its best fit value for the mean spectrum,
1, = —2.45 (Amati et al. 2002); the values we find for Ey in
the three time intervals are reported in Table 1. As can be seen
in Fig. 2, the spectrum of the burst shows a hard to soft evo-
lution; the spectral photon index for the first ROTSE exposure
is 71 = —0.57 £ 0.06, harder than the subsequent values of

831

n1 = —0.95+0.09 and r7; = —1.0 = 0.1, for the second and last
time intervals, respectively.

We find no evidence for an X-ray excess during the first
ROTSE observation, as suggested by Briggs et al. (1999). In
fact, our value for the low-energy spectral index is consistent
with 71 = —0.63 + 0.02, found by Briggs et al. (1999) analyz-
ing the 10 keV to 10 MeV spectrum (see Fig. 3 of Briggs et al.
1999): from the presence of an X-ray excess below 10 keV, we
would expect to find ; < —0.63 for v < 10 keV, in contrast
with our results. Moreover, performing a spectral fit by using
a simple power-law and considering only the WFC data at en-
ergies below 10 keV, yields a best fit photon index of —0.44 +
0.28, consistent with the spectral index we find for the overall
spectrum.

2.2. The X-ray afterglow

The BeppoSAX follow-up observation lasted from
1999 January 23.65 UT until January 24.75 UT. A
previously unknown, bright X-ray source designated as
1SAX J1525.5+4446 (Heise et al. 1999), was detected by the
LECS and MECS units, at right ascension @ = 15h25m 31 s
and declination 6 = +44°46!3 (equinox 2000), with an error-
circle radius of 50”. Within 22" of this position, Odewahn et al.
(1999) detected a fading optical transient (OT) at magnitude
R = 18.2. During the first 10 min, the 2—10 keV photon rate of
1SAX J1525.5+4446 in the MECS is (0.16 + 0.02) count s~!,

corresponding to (1.38 £ 0.14) x 10~ ergcm™2 57!,

The 2—-10 keV flux steadily decreases with time follow-
ing a power law decay Fx(f) = Fx(6 h) X (¢/6 h)*™* uly, with
ax = —1.46 £ 0.04 (Maiorano et al. 2005). Here ¢ is the time
measured with respect to the y-ray event. We refer to Maiorano
et al. (2005) for a complete description of the WFC, MECS and
PDS data extraction and analysis relative to GRB 990123 light
curves in the 2—10 keV and 15-28 keV energy bands.

The observed fluence during the observations was 3.1 X
1077 ergs cm™? (2-10 keV) and 7.5 x 1077 ergs cm™2
(2—-60 keV). Extrapolating to long times after the trigger (about
1000 s) this implies an X-ray afterglow energy fraction of at
least ~11% that of the prompt X-ray emission (2—-25 keV).

In the first 20 ks of the observation, between 1999 January
23.6498 UT and 1999 January 23.8813 UT, the total measured
photon rate in the PDS is (0.20 £ 0.05) count s -1 equivalent to
(1.9+£0.5)x107!! ergs cm 257! (15-60keV). The possible con-
tamination by an X-ray source located in the MECS field has
been analyzed by Maiorano et al. (2005). While its presence
affects the PDS data in the second and last part of the obser-
vation, it is comparatively negligible during the first 20 ks: for
the first time, an afterglow emission was detected at energies
as high as 60 keV. In the following 75 ks and the last 70 ks of
the observation, the high energy tail of the afterglow emission
(15-60 keV energy band) was not detected.

Since the first 20 ks of the observation are those in which
we have the greater statistics and where the PDS signal is
present, we focus our attention on the spectrum of the burst
relative to this first time interval. We fit the LECS (0.1-2 keV),
MECS (2—-10 keV) and PDS (15-60 keV) data points during
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Table 1. Fluxes and photon indices of GRB 990123 prompt emission measured during the first three ROTSE exposures (Akerlof et al. 1999).

X-ray and y-ray data simultaneously with ROTSE

Start®  End® m, Photon index Ey 2-10 keV flux 40-700 keV flux
s s 7 keV 10%ergsecm™?s™!  10%ergs cm™2 57!

4.38 9.38 11.70 £0.07 -0.57 +£0.06 53032’80 32 7.3

29.58 3458 8.86+0.02 -0.95+0.09 18038 5.7 1.3

54.87 59.87 9.97+0.03 -1.0+0.1 250280 4.8 1.2

¢ Start time since GRBM trigger.
b End time since GRBM trigger.

Table 2. Fit results for GRB 990123 X-ray afterglow. Sx and S are the spectral energy indices for the synchrotron and the IC component,
respectively (see Eq. (5)); the galactic hydrogen column density Ny is fixed to its value at the burst position, Ny = 2.1 x 10 cm™?; Ny is
the hydrogen column density locally to the GRB site (in units of 10?2 cm™2); y? is reduced for the degrees of freedom dof. Case [1] refers
to a single power-law model spectrum with variable spectral index; case [2] refers to the same model spectrum of case [1], but with a fixed

spectral index Bx =

—1.23 (see Fig. 3); case [3] refers to a single power-law model spectrum with the fit performed only on the LECS

and MECS data points (PDS data excluded); case [4] is the synchrotron plus IC model spectrum, with the spectral index of the synchrotron
component fixed at Bx = —1.23 and the one of the IC component at 85 = —0.73 (see Figs. 5 and 6). F;"" and FiC are given at 1 keV, in units
of 1073 photons cm™2 s™' keV~!, in [1], [2], [3] and at 2 keV, in units of uJy, in [4].

First 20 ks of the NFIs observation

Bx F" Y Fi© Ng x> dof.
[1] -0.82+0.10 23+03 0 0 0.42%0%8 13 26
(2] -1.23 41£02 0 0 3.9 21 27
[3] -0.89+0.10 26+03 0 0 1.0%7 12 25
(4] -1.23 0.157013 =073 0727043 04578, 13 26

the first 20 ks of the observation, by using an absorbed power-
law model spectrum where we set Ny = 2.1 x 10 cm™2, for
the galactic hydrogen column density at the burst position, and
account for the effect of absorption locally to the GRB site by
adding Nf_l (see Table 2). The Ny was modeled using the Anders
& Ebihara (1982) relative abundances. To provide for flux
inter-calibration when fitting simultaneously the LECS, MECS
and PDS data, the LECS/MECS and PDS/MECS normaliza-
tion ratios have been varied in the range 0.7—1 and 0.77-0.95,
respectively (Fiore et al. 1999). The best fit value for the spec-
tral index is Sx = —0.82 + 0.10 (see Table 2), consistent with
the Bx = —0.94 £ 0.12 found by Maiorano et al. (2005) and ob-
tained leaving unconstrained the range of values in which the
normalizations ratio of the LECS and PDS can vary, and con-
sidering the LECS data between 0.6 keV and 4 keV (see Fig. 3
of Maiorano et al. 2005).

Excluding the PDS data and fitting the only LECS and
MECS points we get Bx = —0.89 + 0.10, which is not sig-
nificantly different from the previous result.

The best fit values for the spectral indices relative to the
next 75 ks and to the last 70 ks of the LECS and MECS ob-
servation are Bx = —1.2 + 0.2 and Bx = —1.0 + 0.2, respec-
tively. These two values are consistent, within the errors, with
the one obtained during the first 20 ks, so they do not give any

significant evidence of spectral evolution, in agreement with
the results found by Maiorano et al. (2005).

3. Discussion

3.1. The prompt event in the “forward plus reverse
shock” standard model

The comparison of the optical, X-ray and y-ray data presented
in Fig. 2, shows that most of the energy is emitted in the y-rays.
The extrapolation of the high energy time resolved spectra to
optical frequencies falls at least 2 orders of magnitude below
the simultaneous optical measurements, indicating the pres-
ence of an unobserved break between the optical and X-ray
bands. This suggests different physical origins for the emission
mechanism at low and high frequencies, confirming the idea of
a reverse shock origin for GRB 990123 optical flash (Sari &
Piran 1999a; Galama et al. 1999; Briggs et al. 1999).

The current standard model for y-ray bursts and their af-
terglows invokes a “fireball” in relativistic expansion, proba-
bly within a collimated structure (jet). The high energy burst
is thought to be produced by internal shocks developing from
collisions of plasma shells with different velocities. When the
outflow runs into the interstellar medium (ISM), it sweeps up
the surrounding gas and heats it. A reverse shock does the same
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Table 3. Closure relationships in the standard synchrotron fireball model and their corresponding values for B,y = —0.75 £ 0.07, Bx =

—0.82 +£0.10, apy = —1.1 £ 0.03 and ax = —1.46 + 0.04.

Vopt < VX < Ve

[a] Qopt — 3/2ﬂopt =0
0.02 +0.11

[b] ax — 3/28x = 0
-0.23+0.15

[c] Qopt — AX = 0

0.360 + 0.050°

[d] IBOpI _ﬂX =0
0.07 £0.12

Vopt < Ve < VX

[a] Qopt — 3/2ﬂopt =0
0.02+0.11

[blax —3/28x - 1/2=0
—0.73 £0.15°

[c] Qopt — AX — 1/4=0
0.110 = 0.050

[d] Bopt —=Bx —1/2=0
-0.43 £ 0.12°

“ Not consistent with the expectations at the 7.20" level.
b Not consistent with the expectations at the 4.90 level.
¢ Not consistent with the expectations at the 3.60 level.

to the ejecta. In these shocks, the accelerated electrons radiate
via synchrotron emission. The forward external shock, inter-
acting with the ISM, produces the multi-wavelength afterglow.

Since the shocked region behind the reverse shock is denser
and cooler than the region behind the forward shock, it can ra-
diate in the optical band (Mészaros & Rees 1997; Sari & Piran
1999b). Optical emission from the reverse shock is expected
to be detected during or soon after the high energy event (Sari
& Piran 1999a), and was actually observed in GRB 990123
(Akerlof et al. 1999). Also the radio flare, observed at less
than 3 d after the GRBM trigger, can be interpreted as radia-
tion from a reverse shock (Kulkarni et al. 1999b) rather than
afterglow from a forward shock (Galama et al. 1999). The
BeppoSAX measurements of the prompt event agree with this
scenario.

3.2. GRB 990123 afterglow

3.2.1. The optical to X-ray temporal and spectral
indices in the standard fireball model

In the standard picture (Sari et al. 1998), for a spherical shock
of energy E propagating into a surrounding medium of den-
sity n, the afterglow emission F,(f) scales as follows: for v
above the cooling frequency v.,

F, (1) oc EP*DI42,p (3)
with @ = -3p/4 +2/4 and 8 = —p/2 and, for v < v,
F\(t) oc EP)4n /20 f )

with @« = -3p/4 + 3/4 and B = —(p — 1)/2. Here p is the
power-law index of the shocked electrons.

As we said in Sect. 2.2, the afterglow light curve of
GRB 990123 in the 2—-10 keV energy band is well described
by a power law of index ax = —1.46 = 0.04. During the first
day, starting from 4.1 h after the burst, also the optical flux in
the Gunn r band decreases steadily, and can be described as
F; =70 x (t/6 h)®r pJy with agp = —1.10 + 0.03, as found by
Kulkarni et al. (1999a); other authors give @, = —1.12 + 0.08
(Holland et al. 2000), aop = —1.13 £ 0.02 (Castro-Tirado et al.
1999) and aop = —1.09 = 0.05 (Fruchter et al. 1999), which

are all consistent with the value of —1.10 + 0.03 that we adopt
here. Two days after the burst, the optical flux declined more
rapidly, with aqp = —1.65 £ 0.06 (Kulkarni et al. 1999a). This
steepening has been ascribed either to a transition of the fireball
to a non-relativistic phase (Dai & Lu 1999) or to the signature
of the detection of a relativistic jet (Rhoads 1999; Sari et al.
1999; Mészaros & Rees 1999; Huang et al. 2000a,b,c; Wei
& Lu 2000). Since both are estimated to take place approxi-
mately 2 d after the GRB start time, i.e. after the end of the
BeppoSAX follow-up observations, they would not be relevant
for the X-ray afterglow, that can therefore be studied assuming
a spherically symmetric relativistic expansion. Moreover, the
faster decline at X-ray wavelengths is indicative of an evolu-
tion in a constant density environment and it is opposite to the
expectations of the wind model (Chevalier & Li 1999). Thus, in
the standard synchrotron fireball model, the optical and X-ray
afterglow spectral and temporal indices of GRB 990123 should
be compared with the closure relationships indicated in Table 3,
that have been derived from Egs. (3) and (4).

We have seen in Sect. 2.2 that the best fit value for the X-ray
spectral index during the first 20 ks of the NFIs observation is
Bx = —0.82 + 0.10. The power-law which best fits the optical-
to-IR spectrum during the first two days has an index —0.8 +0.1
(Kulkarni et al. 1999a); this is consistent with the spectral index
measured from the optical spectrum of the transient 19 h after
the burst: —0.69 + 0.1 (Andersen et al. 1999). Reconstructing
the radio to X-ray afterglow spectrum on January 24.65 UT,
Galama et al. (1999) found a spectral index of —0.75 + 0.23
in the optical range and a spectral slope of —0.67 = 0.02 be-
tween the optical and the X-ray wavebands; moreover, recently
Maiorano et al. (2005) have estimated a best fit optical-to-IR
spectral index of —0.60 + 0.04. In the following discussion, we
set Bopt €qual to the mean optical-IR observed spectral index of
—0.75 £ 0.07, as derived by Holland et al. (2000), and address
the differences with the case Sopc = —0.60 + 0.04 (Maiorano
et al. 2005) where necessary.

As shown in Table 3, if vop < vx < v, all the closure rela-
tionships are verified within 1-20, except for the one relating
the temporal indices of the optical and X-ray afterglow, that is
not consistent with the expectations (~70 level). If we consider
that GRB 990123 is one of the brightest y-ray burst detected by
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Fig.3. GRB 990123 X-ray spectrum during the first 20 ks of the
NFIs observation compared with the best fit power-law model of fixed
spectral index Bx = —1.23. It is evident that the observed spectrum is
too flat to be well reproduced by this model.

the BeppoSAX satellite and that, consequently, the temporal in-
dices are measured with relative errors less than 5%, this result
enables us to exclude the case of a cooling frequency above the
X-ray band.

On the other hand, if vopy < v < vx, the temporal
slopes of GRB 990123 optical and X-ray light curves are read-
ily explained within the standard synchrotron fireball model
(Table 3). However, the closure relations involving Sx are not
consistent with the expectations, giving evidence for a too flat
X-ray spectral index. This last issue can also be addressed in
the following way: the observed value of aqp allows to esti-
mate that of p and, according to (4), gives p = _%a'opt +1 =
2.47 + 0.04; from this we get: ax = aopl - 1/4 =-1.35+0.03,
Bopt = 3aopt = —0.73 £0.02, Bx = Faop — 3 = —1.23 £0.02.
While the first two values are consistent w1th the observed
ones within 2.20- and 1o respectively, the latter is consistent
with Bx = —0.82 = 0.10 only at the 40 level. A spectral fit
of the X-ray data points with a power-law of index fixed to
Bx = —1.23 is shown in Fig. 3 and gives the results reported in
Table 2: a similar spectral index is clearly not consistent with
the data.

It is then difficult to interpret GRB 990123 afterglow within
the basic synchrotron model: while for the optical afterglow
both the temporal and spectral behavior are well explained by
simply assuming v, between the optical and the X-ray energy
band at the beginning of the BeppoSAX follow-up observation,
in the X-rays this assumption only accounts for the slope of the
2—-10keV light curve, but not for the flatness of the 0.1-60 keV
spectrum.

Using the spectral indices found by Maiorano et al. (2005),
Bx = —0.94 + 0.12 and Bop, = —0.60 = 0.04, the closure rela-
tions [a], [b], [c], [d] for this case are verified within 2.80, 30,
2.20 and 1.3, respectively; thus, since the difference between
the optical and the X-ray spectral index is enhanced, the obser-
vations are consistent with the relation [d], while [b] gives only
marginal evidence for the existence of an X-ray excess.
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Fig.4. The U, B, V, R, and [ band data at t =
1999 Jan. 24.497,24.505,24.496,24.456,24.487 UT (Galama

et al. 1999), extrapolated at r = 8.8 h from the burst using a temporal
decay index of @,y = —1.1 and extinction corrected (Galama et al.
1999), are compared with the 0.1-60 keV spectrum corrected for
galactic absorption (Ny = 2.1 x 10?° cm™2) and for absorption locally
to the GRB site (see the best fit results of case [1] in Table 2). The
dash-dotted, dashed and dotted lines are the power-law models of
fixed spectral index Bop = —0.6 (Maiorano et al. 2005), Bop = —0.75
(Holland et al. 2000), By = —0.8 (Kulkarni et al. 1999a), respectively,
for the optical extrapolated data points; the solid line is the power-law
model of case [1] in Table 2, where Bx = —0.82.

Finally, we can look at the optical to X-ray normalization.
As already noted by Kulkarni et al. (1999a), at the epoch of
the start of the NFIs observations the optical to X-ray spec-
tral index appears to be rather flat, Sx_ope = —0.54 + 0.02;
this implies that the observed 2 keV flux is somewhat higher
than one would expected from the extrapolation of the opti-
cal spectrum. As shown in Fig. 4, assuming a mean optical
spectral index of Sy, = —0.75 (Holland et al. 2000) the high
energy extrapolation of the optical data falls well below the
X-ray points; similarly, the low energy extrapolation of the
X-ray data falls well above the optical ones, giving evidence
for the presence of an X-ray excess. Assuming an optical spec-
tral index of Bop = —0.6 (Maiorano et al. 2005), the optical
to X-ray normalization problem is solved by including a break
at a frequency v = 1 keV at r = 8.8 h since the trigger. On
the other hand, if one assumes an optical spectral index of
Bopt = —0.8 (Kulkarni et al. 1999a), the normalization problem
is moreover strengthened, suggesting that the optical and X-ray
emission could be related to different components. Different
cases have been found for GRB afterglows in which there is
evidence for an X-ray excess of this kind, and a contribution
from IC scattering have been suggested as a possible explana-
tion. In particular, Harrison et al. (1999) analyzed the case of
GRB 000926, finding that the broad-band light curves can be
explained with reasonable physical parameters if the cooling
is dominated by IC scattering; for this model, an excess due to
IC appears above the best-fit synchrotron spectrum in the X-ray
band. Castro-Tirado et al. (2003) analyzed the NIR/optical and
X-ray spectra of GRB 030227, finding the two mismatching
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each other’s extrapolation and suggesting that, in contrast to
the NIR/optical band where synchrotron processes dominate,
in the X-ray spectrum there could be an important contribution
of IC scattering. Finally, a mismatch in the optical to X-ray
spectrum was also found for the bright GRB 010222 (in’t Zand
et al. 2001).

Considering that in the standard model the values of the
temporal indices are determined by the hydrodynamical evolu-
tion of the fireball, while the shape of the broad-band spectrum
depends only on the assumption of synchrotron emission, from
our analysis we conclude that: (i) using the spectral indices
Bx = —0.82 + 0.1 and By, = —0.75 £ 0.07, the optical after-
glow is well explained by synchrotron emission and a standard
hydrodynamical evolution (closure relation [a]), but the X-ray
one seems to require an additional flat spectrum emission com-
ponent (closure relations [b] and [d]); (ii) on the other hand,
using the spectral indices found by Maiorano et al. (2005), the
shape of the broad-band afterglow spectrum is consistent with
a single spectral component and standard synchrotron emission
(closure relation [d]), but the temporal slopes of the optical and
X-ray light curves are not consistent with the observations (clo-
sure relations [a] and [b]), suggesting the possibility of a differ-
ent hydrodynamical evolution. We discuss the issue (i) in the
following section and (ii) in Sect. 3.2.4.

3.2.2. A possible IC-scattering contribution:
the synchrotron+IC model

In order to interpret the combined spectral and temporal prop-
erties of GRB 990123 afterglow, we consider the possibility
of relating the X-ray emission to an important contribution of
IC scattering.

The X-ray spectral index, Sx = —0.82 +0.10, similar to the
optical one, Bope = —0.75 £ 0.07, and the difference between
the optical to X-ray temporal slopes @ — ax = 0.36, suggest
the presence of an additional hard component. This naturally
leads to a model in which the X-ray emission is dominated by
IC-scattering of lower energy photons, while the optical one is
synchrotron dominated; furthermore, an IC contribution could
also explain the unusual high-energy (15-60 keV) emission
observed by the PDS during the first 20 ks of the afterglow
observations.

In a synchrotron+IC model, the afterglow spectrum at some
time 7y would be the sum of two power-laws:

Fy(to) = exp|-c(Nu - o((1 + VN | x

1C
+FIC( Y )
0 \2keV

with ,BX the spectral index for the synchrotron component;
BC = Lif v < vI(t), where VIS is the peak frequency of the
1C spectrum, otherwise, ﬁ{,c = #

If the fireball expands in a medium of constant number den-
sity, if the expansion is spherically symmetric and if we are in
the slow-cooling IC dominated phase (Sari & Esin 2001), the

contribution of IC scattering at a given frequency will evolve

Fsyn ( v )ﬁx
0 \2 keV

&)
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with time according to the following relations:
Fi€o 1% v <yl€ (6)
Ficoct; VIC < V<vIC (7
FIC o (OP-IDIS;JC o, 1 ®)
F},C o t—(9l7—10)/3+(l7—2)/(4—r'); V> VLC )

assuming a power-law approximation for the IC spectrum (Sari
& Esin 2001).

Observing the above spectral and temporal relations, and
considering the analysis we have done in Sect. 3.2.1, it is clear
that, if we want the synchrotron emission to be dominant in the
optical band and the IC contribution to explain all the X-ray
emission, we should have: (i) a cooling frequency of the syn-
chrotron component above the optical band, since this condi-
tion explains well both the spectral and the temporal behavior
of the optical afterglow (Sect. 3.2.1); (ii) a peak frequency of
the IC component below the X-ray energy band, in order to ac-
count for the decreasing 2—10 keV light curve (if vI€ > 10 keV,
the 2—10 keV flux would increase with time, if dominated by
IC emission).

We can also notice that in the slow-cooling IC-dominated
phase, the IC contribution affects the temporal slope of the
synchrotron component at frequencies above thg(col())ling one,

3(p— 1

changing the temporal decay index from —=7— — ; to

% (see Sari & Esin 2001, Eq. (A.20) in the electronic
version of this paper). This means that the difference between
the temporal decay index of the synchrotron flux at frequen—
cies below and above the cooling one becomes i - W instead
of %: the presence of strong IC cooling makes the difference
smaller than the case of pure synchrotron emission. Therefore,
the case in which the IC contribution dominates the 2—10 keV
emission seems to be favored with respect, for example, to one
in which the IC component becomes dominant only in the high
energy tail of the X-ray spectrum (say, for v > 10 keV), with the

2—-10 keV emission still being dominated by synchrotron emis-

. o 3(p-1

sion. In fact, if this was the case, we should have aopl = —%,
—3p?+12p—4 9

ax =~ and a opt ~ X opt + 3 aopl 7ax — 12 = 0. For

GRB 990123, the latter has a value ofO 301 +0.085, cons1stent
with the expected one only within 3.50.

For this reason, we analyze the hypothesis of the IC emis-
sion dominating the whole 2—-60 keV spectrum. For vy < ve <
vx and vx > VI, with the synchrotron component dominat-
ing the optical emission and the IC component the X-ray one,
the closure relations should be those indicated in Table 4, that
for GRB 990123 are all verified within 1o

Using the relations agp = —1.10 £ 0.03 = -3(p — 1)/4
and ax = —1.46 £ 0.04 = —(9p — 11)/8, we get for the in-
dex of the electron energy distribution p = 2.47 + 0.02 and
2.52 £ 0.03, respectively. Using the spectral indices Bop =
-0.75+£0.07=—-(p—-1)/2and x = -0.82+0.10 = —(p—1)/2
we obtain: p = 2.50 + 0.14 and p = 2.64 + 0.20, respectively.
These values are all consistent with each other within ~10,
as expected from the closure relations being verified at the
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Table 4. Closure relationships between the temporal and spectral indices in the synchrotron+IC model and their corresponding values for By, =
-0.75 +0.07, Bx = —0.82 £ 0.10, appy = —1.1 £0.03 and ax = —1.46 + 0.04.

Vopt < Ve < vx and vx > vIC

Aopt = 3/2Bopt =0 ax —9/4Bx = 1/4=0 o —2/3ax +1/6 =0 o —Px =0
0.02+0.11 0.13+0.23 0.040 + 0.040 0.07 £0.12
>
g 5
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|
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Fig.5. GRB 990123 X-ray spectrum during the first 20 ks of the
NFIs observation. The model spectrum is the sum of two power-law
components (see Eq. (5)): one represents the synchrotron contribu-
tion and has a fixed spectral index 8x = —1.23, the other accounts
for IC scattering and has a fixed spectral index ,B;S =-0.73.

1o level. We then choose the one with the smaller error, that
is p 2.47 + 0.02, derived from the optical temporal in-
dex aop. In this way, we estimate the expected spectral indices
between 0.1-60 keV for both the synchrotron component and
the IC one; these are: Bx = 2/3aop — 1/2 = =1.23 £0.02, and

=2/3aop = —0.73 + 0.02, respectively.

In Figs. 5 and 6 we fit the 0.1-60 keV data during the first
20 ks of the NFIs observation with a model spectrum of the
form (5), where we set Bx = —1.23 and B¢ = —0.73. The
best fit values (see Table 2) for the synchrotron and IC flux
at 2 keV are F" = 0.15*013 ply and Fir = 0.72*09% uly
(x> = 35.5/26), respectively, consistent with the hypothesis
of an IC component dominating on the synchrotron one in the
X-ray band: F;""/Fi¢ < 0.15/0.72 = 0.21, taking into account
that for the synchrotron flux at 2 keV we get only an upper
limit.

Our following step is to relate VIS, ve, F ;y::ev and FIC at t =
0.37 d to the fundamental parameters of the fireball model: the
fraction of the shock energy density that goes into the electrons
and magnetic energy density, € and eg, respectively; the energy
of the fireball Es, in units of 10°2 erg; the ambient medium
number density 7;, in units of particles/cm?.

Using the formulas given by Granot et al. (1999), Sari et al.
(1998), and by Sari & Esin (2001) in the slow-cooling IC dom-
inated regime (see the Appendix in the electronic version of
this paper for details), for the synchrotron cooling frequency
we can write:
v.(Hz)

= Avc (EB E52)u I’leeC (]O)

Energy (keV)

Fig.6. GRB 990123 F, X-ray spectrum: the data and the model are
those of Fig. 5 corrected for LECS/MECS and PDS/MECS flux inter-
calibration normalization ratios and for absorption.

where:

> o 33
A, (Hz) = (2.7 % 10'»)(1 +Z)W(I7O)£_—it§“’“" an

with 73 the time since the burst measured in the observer’s
frame in units of days, and:

p
“= % (12)
2
b= FaY (13)
-1
()
For the peak frequency of the IC component:
VLS(HZ) = ICEé/2€4E3/4 -l (15)
where:
Aye(Hz) = 2(2.9x 10°)(1.116 x 10%)*(1 + 2)'?
(P 2) t_9/4 (16)
-1
For the peak flux of the IC component:
FiS(uly) = Apc(Esyny)* ey (17)
where:
Apic(uly) = 0.392 x 107)(1.7 x 104(1 + 2521, (18)
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with dpg the luminosity distance of the source in units
of 10?® cm. For the flux of the synchrotron component at a
frequency v > v,:

Fy(uly) = A, eanS EL el (19)
where:
Ap,(dy) = (1.7 x 10%(2.9 x 10'5)'T (2.7 x 10'2)!/2y(Hz) /2
p- 2 1 S3P+12p-4
Xd28( ) (170)°<P-4>(1 +z)4<ﬂ-4>t “=H 1 (20)
p-
-2p—4
a=2_°P @1
4p-4)
p—2
e= (22)
20p-4)
2
p-—12
_ 23)
U Ty (
2
-4
= p—p+3 (24)
p—4
Setting p = 2.47, z = 1.6004, d»s = 3.7 (Kulkarni et al.
1999a), t4 = 0.37 d, we have verified, by inverting the above

relations (see the calculations in the Appendix), if reasonable
values of eg, €, Es», and n; can be found when v, > 2 eV
and v/€(0.37 d) < 2.0 keV.

In order to minimize the energy requirement (see
Eq. (A.61)), it is convenient to set (i) v}S(O.37 d) = 2 keV
and (i) v = 2 eV, that is to say to set these frequencies
at the higher and lower edge of the range in which they can
vary to be consistent with the X-ray and optical data, respec-
tively. These conditions are immediately evident taking into

account that F)5 ., = FIX(2 keV/ VIO

, 50 FI€ can be ex-
pressed as a function of VIC and F éck Ve the value of which is

fixed from the observations; substituting into Eq. (A.61), yields
Esy o< (Vc)“”(vff)“""“”%l, and for p = 2.47: Es o v,(v1$)7036,
Thus, minimizing v, and maximizing v gives the smallest
value for Es;.

With the assumption (i) we have FIS = F), ,; more-
over, because of (ii), the synchrotron contribution at 2 keV
extrapolated from the Gunn r data should be F)'| ., =
70(8.8 h/6 h)~146(2 keV /2 eV)™!%3 = 1072 uly, which is con-
sistent with the X-ray data best fit value of F' (S)yn =0. 15*8 }g wly
within the errors.

Fitting the 0.1-60 keV spectrum with model (5) where

Bx = —123, B = —0.73 and F" = 1072 uly, yields

FIC FIC —FIC 0.83 + 0.04 uJy. We thus set v, = 2 eV,
F = 10°2 iy, V€ = 2 keV, FI€ = 0.83 uly, that give:

e, =100 ¢ =107 (25)

Es; =7x10* n; = 102 (26)

With those values for the intrinsic parameters of the fireball,
the temporal and spectral properties of the optical to X-ray af-
terglow are explained within the fireball model and the optical
to X-ray normalization problem is solved.
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A similar calculation can be done setting " = 0.15 uly
and FI€ = 0.72 uly, that are the values we get from the X-ray
data. This choice yields a higher value for eg and a lower one
for ny:

a=26x10"% ¢ =25%x1072 27)

Es; =6x10* n; =8 (28)

but has the problem that it predicts an optical extrapolated flux
about 15 times above the observed one (0.15 uJy/1072 uJy =
15). The hypothesis of a “gray absorber” could explain an
optical flux lower than expected from the X-ray data, with-
out affecting the optical spectral slope, and alternative sce-
narios to explain simultaneously the optical and X-ray data
of some GRBs by invoking a more gray extinction have re-
cently been proposed by Stratta et al. (2004), for those GRBs
for which some evidence of absorption locally to the GRB site
was found. In our case, we do not have a strong evidence for
local absorption (see Table 2), but we can neither exclude this
hypothesis at all.

We can also notice that with the values (25), being €./eg >
10, IC scattering dominates the total cooling over the whole
relativistic stage of the afterglow evolution, as underlined by
Sari & Esin (2001); thus, the transition to the slow-cooling
synchrotron dominated phase, in which the IC cooling rate is
weaker than the synchrotron one and therefore has no effects on
the synchrotron spectrum, should not be observable. This im-
plies that for the 0.1-60 keV spectra relative to next 75 ks and
last 70 ks, we do not expect changes in the spectral slope, in
agreement with the results presented in Sect. 2.2. However, we
of course expect the flux level of the following spectra becom-
ing dimmer of a factor determined by the slope of the X-ray
light curve. Since the 15-60 keV upper limits are in fact con-
sistent with a decay slope of @ = —1.46 + 0.04 (see Fig. 1
in Maiorano et al. 2005), we thus conclude that the lack of a
significant detection by the PDS in the following 75 ks and
last 70 ks spectra, has to be related to poorer statistics rather
than to a strong suppression of the IC contribution.

Since we are before 2 d from the burst, we have used the
isotropic dynamical equations and Es, is the fireball isotropic
equivalent energy at the beginning of the afterglow phase.
Considering that the observed isotropic equivalent y-ray en-
ergy, Eiso(y) = 4nF,d7(1 + 2)7', is 1.2 x 10°* ergs, the ef-
ficiency n, of the fireball in converting the energy in the
Le® = 5 = 02%,
reasonable value according to Panaltescu et al. (1999) and
Beloborodov (2000).

To estimate the energy of the jet E; at the beginning of the
afterglow phase, we need the value of the jet opening angle 6;.
According to Frail et al. (2001):

68 (1 42\ 08
6 = 0.057 J) e
(59

ejecta E0 into y-rays has to be

|02 % B ‘”8( n )1/8
1053%ergs 0.lcm™3

Since # = 2 d, we obtain ¢; = 0.064 = 3.7°; this implies Ej =
10°* ergs for the energy in the jet.

(29)
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This estimate on the jet opening angle is based on the
simple relation y(tj) = Gj‘l, that itself cannot distinguish be-
tween the structure of GRBs jets (Mészaros et al. 1998; Dai
& Gou 2001; Rossi et al. 2002; Zhang & Meszaros 2002).
Conventionally, the late time temporal index a, for the op-
tical afterglow of jetted GRBs, is believed to be the same
as p. However, there are some caveats on this assumption
(e.g. Wu et al. 2004), most importantly the fact that the am-
biguity of the understanding on the sideways expansion of
the jet leads to a great uncertainty on the value of a,. More
specifically, as explained by Mészaros & Rees (1999) for the
case of GRB 990123, if one assumes that the steepening in
GRB 990123 optical afterglow from ! to 16 is caused by
sideways expansion of the decelerating jet (Rhoads 1997), one
expects a large steepening from ¢! to 7 (where p = 2.47
in our case), more than one power of r. However, the edge
of the jet begins to be seen when y drops below the inverse
jet opening angle 1/6;. This occurs well before the sideways
expansion starts (Panaitescu & Mészaros 1999) and the latter
is unimportant until the expansion is almost non-relativistic:
GRB 990123, as well as other GRBs like GRB 010222,
020813, 021004, 000911 (Wu et al. 2004), are good candidates
for non-lateral expansion jets, from which we expect a steep-
ening by >/# in the late time optical light curve. The observed
difference of a; — a; = 0.55 £ 0.07, matches the expectations
at the 2.80 level and is thus in agreement with the expected
change in the decay slope from seeing the edge of the jet within
a model of typical electron index of p = 2.5 (Mészaros & Rees
1999). These arguments are sufficient to justify the hypothesis
of ajet structure within a synchrotron+IC model with p = 2.47,
but there are of course several other plausible causes for steep-
ening (e.g. Dai & Lu 1999).

We can now compare our results with some previous analy-
sis, bearing that those were not constrained by the 0.1-60 keV
afterglow spectrum, which is analyzed in this work. For what
concerns the total energy in the fireball, a value of the order
of 10* for Es, has recently been proposed by Panaitescu &
Kumar (2004) analyzing GRB 990123 early optical emission
in the frame of the standard “reverse-forward shock” model.

In Panaitescu & Kumar (2001), fitting the light curves in the
radio, optical and X-ray energy band, it was proposed p = 2.2+
2.4, 6 =29%x1072:2x107, g = 1074 +3%x 1073, 1y = 3x107*+
2x1073,6, = 1°+3° and Ej = 100+ 5x 10% ergs (values taken
from Fig. 2 in Panaitescu & Kumar 2001); in particular, for
E; = 5x10% ergs and 6; = 3°, the isotropic equivalent energy
is of about 4x 1073 ergs, 30 times less than the lower limit on the
isotropic energy (E > 107 ergs) found by Panaitescu & Kumar
(2004) and five times less than the observed isotropic energy
emitted in y-rays. A value of 4x 1033 ergs requires the existence
of a radiative evolution phase before the adiabatic one, causing
the emission of more of the initial explosion energy and leaving
less for the adiabatic phase. The same considerations can also
be done for the model proposed by Wang et al. (2000), who set
p =244 € =057, =3.1x 1073, n; =001, Es; = 5 and
considered only synchrotron emission: in this case Es, is about
30 times less than Ejso(y).

Finally, about the power-law index of the electron energy
distribution, values of p = 2.44 and p = 2.3 were found
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by Wang et al. (2000) and Panaitescu & Kumar (2001) re-
spectively, similar with the one of p = 2.47 we suggest in
our analysis. In this work, however, to fit the observed flat
0.1-60 keV spectrum and give an overall interpretation of the
multi-wavelength afterglow, we are adding a dominant contri-
bution of IC up-scattering to the synchrotron emission process.

3.2.3. The radio observations: problems
of the synchrotron+IC model

GRB 990123 has been largely discussed within the standard
fireball theory and a reverse shock origin has been assigned
to both the optical flash and the radio flare (Sari & Piran
1999b; Galama et al. 1999; Briggs et al. 1999; Kulkarni et al.
1999b). The light curves in the radio, optical and X-ray en-
ergy bands have been well reproduced (Panaitescu & Kumar
2001; Kulkarni et al. 1999b) and different sets of values for
the intrinsic parameters €., eg Esp and n; have been proposed
(Panaitescu & Kumar 2001, 2004; Wang et al. 2000).

In this paper we are adding another piece of information to
the puzzle: the spectrum of the optical to X-ray afterglow ex-
tended to the high energy tail of the 0.1-60 keV energy band.
As we have underlined in the previous sections, GRB 990123
appears anomalous and difficult to interpret within a standard
synchrotron model when combining this spectral information
with the temporal properties of the optical and X-ray light
curves. This is what has brought us to study the hypothesis of
a synchrotron+IC model with values for the intrinsic parame-
ters (25) and (26).

We want now to verify if such a model is consistent with the
8.46 GHz data. The radio afterglow was observed fromz > 1 d
after the burst (here we are not considering the data relative
to the radio flare, to which we assign a reverse shock origin,
Kulkarni et al. 1999b). To estimate the value of the 8.46 GHz
flux at about 1 d from the burst, we need to calculate the
value of the synchrotron self-absorption frequency. According
to Granot et al. (2001), the self-absorption frequency v, is:

2 3/5
va(Hz) = 0.247x4.24 x 10°(1 +2)™' (L)
3p+2
(p=D¥ | 15 15 3
Xﬁ e & L5y

Using the values (25) and (26) we get v, = 15 GHz.
Further, substituting those values in Egs. (A.1) and (A.2)

of the Appendix, we get v,(1 d) = 13 GHz = v, and f;)" =
23 mly. Thus we have:

(30)

8.46 GHz

15 GHz G

2

Fga6 gz (1d) =23 rnJy( ) =7 mly
that is about a factor of 30 above the observations, that are
lower than 260 pJy (Kulkarni et al. 1999b).

Another way to explain the problem is the following:
over the first two days, the most abundant photons are be-
tween the radio and the optical regimes; if these photons
are up-scattered by the Compton process, then the required
Thompson optical depth is 7 = fx/fn = 0.83 uly/Fy".
The observed radio/optical fluxes in the case of GRB 990123
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are lower than ~260 pJy (Kulkarni et al. 1999b), that imply
7> 0.83/260 = 3 x 1073, On the other hand, the optical depth
has the following dependence on the parameters of the fireball
model:

7= onR = 4x107(E/10°* erg) *(n/1 ecm™)¥4(1/6 h)/4(32)

which has a value of ~107%, for Esp = 7x 10* n; = 100 and ¢ =
8.8 h. Thus, to reconcile this value of T with the observations,
one should have Fp," of the order of 3 x 1073/107* x 260 uy,
that is to say 30 times higher than the observed one, that is the
ultimate result of our synchrotron+IC model.

3.2.4. An alternative solution for the puzzle

In the previous sections we noticed that the observed temporal
slopes of the optical and X-ray light curves of GRB 990123
afterglow cannot be reconciled with the observed value of the
X-ray spectral index during the first 20 ks of the NFIs obser-
vation, at least in the frame of the basic synchrotron standard
model. Thus we tried to explain the X-ray spectrum by invok-
ing a significant contribution of another emission mechanism in
addition to the synchrotron one, that is IC scattering. However,
we have some problems when comparing our results with the
8.46 GHz upper limits.

A completely different approach could be to leave un-
changed the emission mechanism, but change the hydrody-
namics. Assuming that synchrotron radiation from electrons
with a power law energy distribution is the only efficient
mechanism, the shape of the afterglow spectrum is indepen-
dent of the details of the hydrodynamics, thus the relation be-
tween p and S is fixed. From the optical to X-ray spectral in-
dex, Bx-opt = —0.54 £ 0.02 (Kulkarni et al. 1999a), we can
infer p = 2.08 = 0.04 if v. = 1 keV; this value of p predicts
Bopt = —0.54 £ 0.02 and Bx = —1.04 + 0.02, that agree at the
~1o level with the spectral indices found by Maiorano et al.
(2005). Assuming Bop, = —0.75 £ 0.07 and Bx = —0.82 £ 0.10,
the agreement is at the 20 level. However, in this case, the clo-
sure relation Bop—Bx—1/2 = 0 is only verified at the 3.60 level.

Further, in order to account for the temporal decay (a value
of p = 2.08 predicts an X-ray temporal index of —1.06 + 0.03
and an optical temporal index of —0.81 +0.03, that are not con-
sistent with the observed ones), we need to change the hydro-
dynamics and we do this by letting E o ¢ and n o« > where ¢
is the time in the frame of the observer; we note that the stan-
dard model has 6g = 6,, = 0. Using Eqgs. (3) and (4), we find:

a(v>v.)=(p+2)0e/4-3p/4+2/4 (33)
and
a(v<v.)=(p+3)e/4+06,/2-3p/4+3/4. (34)

Substituting ax = -1.46 and agp —1.1 into Egs. (33)
and (34) respectively, we obtain 6g = -0.39, so the shock
should lose energy, and ¢, = 0.41. With those values for 6
and 6, we obtain R(7) o« 0%, where R is the radius of the shock.
This result follows from the fact that R(f) ~ (Et/n)'/*. Thus, the
density should increase rapidly with radius, as 7 o« R3.

An increase in the density could let one think to
the termination shock radius of the wind model by

R
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Chevalier & Li (1999) or to the GRB jet running into a sharp-
edged dense cloud. Indeed, Vietri et al. (1999) suggest that
the X-ray flare in GRB 970508 and GRB 970828 could arise
from thermal bremsstrahlung emission of a shock-heated thick
torus surrounding the central source. However, the observed
X-ray spectrum is too steep to be compatible with this model.
Shi & Gyuk (1999) invoke a cloudlet to explain the 2-day ra-
dio flare (Kulkarni et al. 1999b). The energy demands of this
model are of the order of 10% erg, but Sari & Piran (1999b)
have proposed a simpler model in which the radio flare arises
in the same reverse shock which powers the prompt optical
emission. Moreover, in addition to the necessity of justifying
such a density profile, we also need to consider which observ-
able effects could be expected from it e.g., the optical-near IR
broad-band spectrum of the burst becoming redder with time
if the medium encountered by the fireball becomes very dense.
Holland et al. (2000) have shown that there is no evidence for
Bopt varying with time between about 6 h and 3 days since the
burst, so that no observable reddening effect seems to become
important during the afterglow observations. Using the rela-
tions n; oc *4! and R o 10>, we can estimate that during the
afterglow phase, while expanding for about R(3 d) — R(6 h) =
(3d/6 m)®% — 1] R(6h) = 0.13 R(6 h) = 10' cm in radius, the
fireball should encounter a medium whose density increases of
a factor (3 d/6 h)®*' = 3; this means that starting with a typ-
ical value of n; = 1, the afterglow phase will entirely develop
while the fireball is expanding in a region where the ISM num-
ber density is in the range of 1-3 particles/cm?’. So, if we think
the n oc R® profile only limited to the region of space where it is
required to explain the afterglow observations, no extreme val-
ues of the ISM number density would necessarily be implied
by this model, with no important reddening effects expected to
be observed.

The simplest way to lose energy is to assume that the shock
is radiative. However, from the optical to X-ray normalization
we know that v, = 1keV > v, and thus the shock is not
radiative. A possible mechanism of energy loss was recently
suggested in relation with the issue of accounting for bumps
observed in the light curves of some GRBs (e.g. Schaefer et al.
2003; Klose et al. 2004); Schaefer et al. (2003) proposed that
the bumps observed in the optical transient of GRB 021004
could be related to inhomogeneities in the external gas in the
form of clumps of denser material (Wang et al. 2000) which
should increase the afterglow brightness by enhancing the dis-
sipation of the kinetic energy in the GRB remnant. This pro-
cess could be of interest in constructing a physical framework
for this alternative scenario, since we find the energy loss being
connected with an increase in the density. Another possibility
is energy loss via cosmic rays (e.g. Waxman 1995; Wick et al.
2004, and references therein). We know little about the energy
carried off in cosmic rays in such strong shocks and so this
possibility requires further inspection.

4. Conclusions

We have reported on BeppoSAX observations of GRB 990123
and discussed them in the frame of the standard fireball model.
We analyzed the broad-band spectrum of the prompt emission,



840

confirming the suggestion of a reverse shock origin for the op-
tical flash.

We have studied the properties of the 0.1—-60 keV spectrum
and compared the X-ray afterglow with the optical observa-
tions and the 8.46 GHz upper limits. The temporal slopes of the
2—-10keV and optical light curves are readily explained assum-
ing v, between the optical and the X-ray energy band during the
first 20 ks of the BeppoSAX follow-up observations, and set-
ting p = 2.47 for the index of the electron energy distribution;
this implies Sx = —1.23. Fitting the 0.1-60 keV spectrum with
a single power-law model, yields Sx = —0.82 + 0.10, which is
flatter than the value of Bx = —1.23 expected from the temporal
slopes.

We tried to relate the presence of this X-ray excess to
the contribution of IC scattering and studied a model of syn-
chrotron plus IC emission. By constraining F)' ., FI$, v
and vlng at the time of the NFIs observations, we have found
the corresponding values of the intrinsic parameters of the fire-
ball model: with e, = 107!, eg = 10719, Es, = 7 x 10* and
n; = 102, this model explains both the temporal and spectral
behavior of the optical and X-ray afterglow, but violates the
8.46 GHz upper limits.

We have compared and discussed our choice for the values
of the intrinsic parameters, underlining the importance of the
0.1-60 keV data as a new piece of information that should be
taken into account when fitting the radio, optical and 2—10 keV
light curves.

Finally we have proposed an alternative scenario, where the
problem of interpreting the observed value of both the spectral
and temporal indices in the optical and X-ray energy band is
solved by leaving unchanged the emission mechanism (only
synchrotron one) but modifying the hydrodynamics: in this
framework, the totality of the observations could only be ex-
plained by invoking an ambient medium whose density rises
rapidly with radius and by having the shock losing energy.
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Appendix A: Details of the synchrotron+IC model

The standard fireball theory for GRBs contains five parameters:
the index p of the power-law electron energy distribution; the
ratio € of the energy in electrons to the post-shock energy in
nucleons; the ratio eg of the magnetic field energy density to
the post-shock nucleon energy density; the initial blast wave
energy Es, (in units of 10°2 ergs) and the ambient number den-
sity n; (in units of particles/cm?). The value of the index p is
generally estimated observing the decay slopes of the afterglow
light curves or spectra. To find the values for the other four
parameters, it is necessary to express them as functions of ob-
servable quantities, such as the characteristic frequencies of the
GRB spectrum or the amplitude of the observed flux at a given
frequency. Wijers & Galama (1999) find the expressions for
the intrinsic parameters of the fireball model as functions of
the self-absorption frequency v,, of the peak frequency vy, of
the cooling frequency v, and of the peak flux F}," of the syn-
chrotron spectrum. Sari & Esin (2001) find these expressions
having also added the effect of IC scattering to synchrotron
emission.

In the case of GRB 990123 (see Sect. 3.2 of this paper) we
have estimates for v., F. ;yi:ev’ VL? and F I‘E Thus, we need to
express the intrinsic parameters €., €g, Es; and n; as functions
of those quantities We start writing the direct relations that
express v, F\y» Vi and FIC as functions of &, g, Es> and n
and then we invert them.

For the peak frequency and the peak flux of the synchrotron
spectrum is (Granot et al. 1999):

_2\?
v (Hz) = (2.9 x 10'5)(1 +z)”2(i%l) 22EL23 (ALl
FNuly) = (1.7 x 101 + )€/ * Eson)d32 (A.2)
where we have set @pea(p)/dpeak(2.5) =] 1 and

Wpeak(P) /Wpeak(2.5) = 1 in Eqs. (25) and (26) of Granot et al.
(1999), because those are slowly varying functions of p (Granot
et al. 1999) and we are interested to the case of p = 2.47.
Note that Eq. (A.1) is equivalent to Eq. (25) of Granot et al.

(1999) when setting f(p) = (—2) and normalizing for f(2.5)

p-1
e, 2.9 x 105(1 + 212£(2.5) (22) s e 2B =

725 B
3.22 % 10%(1 + 2)' > Lk e * 2 E)* % (Granot et al. 1999).
In the case of slow cooling IC dornlnated phase, for the
synchrotron cooling frequency is (Sari et al. 1998; Sari & Esin
2001):

ve(Hz) = (2.7 x 106> *E) Py ]2 (1 + 2712472

S (A3)

where x is the ratio of the the IC luminosity to the synchrotron
one (Sari & Esin 2001):

p=2

€ ( t )20)—4)
X = — | ==
IC
\ e Iy

and téc is the time at which the slow cooling phase starts (Sari
& Esin 2001):

(A4)

ty (d) = 170(1 + 2)€l s Esony. (A.5)

Note that Eq. (A.3) is equivalent to Eq. (4.4) of Sari &

Esin (2001) when expressing € in units of 1072 ie., (2.7 X
232

10210732 (1a5) ™7 Bl Part i 21+ 271202 = 27 %

10562 E)*n ‘1t‘”2(1 +2)"1/2x72 (Sari & Esin 2001).

25
The peak frequency of the IC component is (Sari & Esin

2001):

V€ =292y, (A.6)

where yy, is the minimum Lorentz factor of the electrons accel-
erated in the shock (Sari & Esin 2001):

-2\ (En\"*
Ym = (1.116 X 104)ee(p_)(ﬁ) ;.
ni

(A7)
p—1

Note that Eq. (A.7) is equivalent to Eq. (4.6) in Sari & Esin

(2001) when expressing €. in units of 0.5 and calculating (1’;—:?
1/8

for p = 2.2, ie. L116 x 10* x 05 (15 ) (222 (&2) " 2 =

2.2-1 d
1/8
930 ecos (£2)"" 177/ (Sari & Esin 2001).

The peak flux of the IC component is (Sari & Esin 2001):
FiS(uly) = 2% 107 RisF"(uJy) (A8)

where R)g is the distance in units of 10'® cm (Sari et al. 1998;
Sari & Esin 2001):

E
R]g—039( 52) 0/,

ny

(A.9)

In these formulas #4 is the time measured since the burst in the
observer’s frame, in units of days, and d,g is the luminosity
distance of the GRB source in units of 10%® cm.

Further, if we are in the slow cooling phase, the synchrotron
flux at a frequency v > v, is (Sari et al. 1998):

—(p-1

=) _z
2 2
F = an(ﬁ) (1) .
Ym Ve

We have thus collected all the quantities necessary to calculate
the direct relations that express ve, )", Vi€ and FIC as func-
tions of &, &,, Es; and n;. Substituting Egs. (A.5) in (A.4) and
using the result in Eq. (A.3) we get the following expression
for the synchrotron cooling frequency:

(A.10)

ve(Hz) = A, (e3Es)" n'€ (A.11)
where:
_, 8-3p
A, (Hz) = (2.7 x 10'2)(1 + )5 (170) = U (A.12)
= 2(pp_ D (A.13)
2
b= m (A.14)
-1
=2 PR (A.15)

Using (A.1) and (A.7) in (A.6), we obtain for the peak fre-
quency of the IC component:

VIS(Hz) = Ayeey >t EY '

4 (A.16)
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where:

Ayc(Hz) = 229 1015)(1.1 x 10H%(1 + )2

p—< 2 -9/4.
t

Substituting Eqgs. (A.9) and (A.2) in (A.8) we get the expression
for the peak flux of the IC component:

(A.17)

FiS(uly) = Apic (Esom)™'* €)f? (A.18)
where:
Apc(uly) = 0392 x 107)(1.7 x 10%)(1 + 2d55 1", (A.19)

Finally, using equations (A.1), (A.2) and (A.3) in (A.10), we
get for the synchrotron flux at a frequency v > v.:

Fy(uly) = Ar,eanS EL el (A.20)
where:
Ap,(Wdy) = (1.7 % 109(2.7 x 10'%)1/2(2.9 x 10'%) T v(Hz) 7/?
p- 2 p-1 —3p2+12p—4
Xd2_82 (—1) (17())2<p 5 (1 + z)%05 4(p—4>; = (A.21)
P
g P4 (A.22)
4p-4) '
p—2
o= (A.23)
2(p-4)
2-12
=2 == (A.24)
4p-4)
2_4p+3
_popto (A.25)
p—4

The next step is to invert (A.11), (A.16), (A.18), (A.20) and
find the expressions for eg, €, Es; and n; as functions of p,
Ve, VL?, F f,yn and F I‘f the value of which we can constrain by
using the observed spectral and temporal features of the burst
afterglow.

The results of our calculations are the following:

e = A,MAEAA 0" () (F) (R0 (A26)
where:
10p? - 95p + 220
ay = L =P+ (A.27)
5p2—19p—4
25(-p? +5p -4
LG ) et (A.28)

2(5p% - 19p—4)

—5p2 _
i = 5p=—31p+204 (A29)
2(5p* - 19p - 4)

30(p — 4)

- =) A.30
MBS 19p-4 (4.30)
€ = ALSAEATIALS (v (vis ) (Fis)” () (A31)

where:
3_8p2+22p-24
as = p 27 p (A.32)
2(5p? - 19p —4)
2 _
4o = P —1Tp+4 (A33)
2(5p%2 - 19p-4)
3p-
__ -2 A.34
G —19p-4) .
-p*+2p+8
ay - L2 (A.35)
5p—19p -4
m = AP AGOA AL o ()" (FIS)™ (R (A36)
where:
2p° —14p> +25p — 4
_ A.37
ag 5p2 — 19]7 —4 ( )
2-5p+4
ap = pz—p (A-39)
2(5p* = 19p —4)
5p2-17p-12
_op - lip— 12 A.39
al 2(5p2_19p_4) ( )
-4p*> +14p + 8
iy = IZ—P (A.40)
5p*—19p -4

Esy = A_aHA_aMA;fCISA_alb Ve )an( 1C)“14(FIC)“15(F yuo

(A41)

—2p3 +10p* + 13p — 84

= A.42
a 57— 19p—4 (A.42)
9p? — 45 36
apy = L =P *0 (A.43)
2(5p* - 19p - 4)
5p2-p-176
N S Ad4
5= 252 - 19p - 4) (A44)
4p? = 26p + 40
a6 = 172—17 (A.45)
Sp*—-19p -4

We now write the numerical expressions for (A.26), (A.31),
(A.36), (A.41) by substituting the values: z = 1.6004, dps =
37,p=247,t4=037d,v=2keV:

e = 9.7x10° (v) (V)™ (FIS)" ()™ (A.46)
where:

a; = -2.27 (A47)
a, = —1.38 (A.48)
a3 = —2.37 (A.49)
as =225 (A.50)
€ =22x107 () (Vi)™ (FIS)" (F,)™ (A.51)
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where:

as = 8.32x 1072 (A.52)
as = 0.332 (A.53)
a; = 0.112 (A.54)
ag = —0.335 (A.55)
= 12 () (V)™ (FIS)™ (P (A.56)
where:

ag = —0.121 (A.57)
ap = 5.50x 1072 (A.58)
ay =0.575 (A.59)
ap = —0.890 (A.60)
Esy = 1.1x 107 (ve) (viS)™ (FIS)™ (F, ) (A.61)
where:

a3 = 1.03 (A.62)
ays = 0.495 (A.63)
ajs = 1.17 (A.64)

ae = —-8.99x 107 (A.65)



