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Broad-band (ultraviolet to near-infrared) observations of the intense gamma
ray burst, GRB 990123, started ;8.5 hours after the event and continued until
18 Feb 1999. When combined with other data, in particular from the Robotic
Telescope and Transient Source Experiment (ROTSE) and the Hubble Space
Telescope (HST), evidence emerges for a smoothly declining light curve, sug-
gesting some color dependence that could be related to a cooling break passing
the UV-optical band at about 1 day after the high energy event. The steeper
decline rate seen after 1.5 to 2 days may be evidence for a collimated jet
pointing towards the observer.

Gamma-ray bursts (GRBs) are brief flashes
of cosmic high energy (;10 keV–10 GeV)
photons. They have remained without any
satisfactory explanation since their discovery
in 1967 (1). With the advent of the Italian-
Dutch x-ray satellite BeppoSAX, it is possi-
ble to conduct deep counterpart searches only
a few hours after a burst. This led to the first
detection of x-ray and optical afterglows for
GRB 970228 (2). Subsequent observations
have shown that about half of the well-local-
ized GRBs can be associated with optical
emission, that gradually fades away, over
weeks to months (3). About 10 such cases are
known. Models proposed before the first de-
tection of optical afterglow (4 ) have been
successful in describing the decline of the
optical emission. The afterglow is modeled as

due to synchrotron radiation from relativisti-
cally expanding matter, that collides with the
interstellar medium.

GRB 990123 was detected at 09:47 uni-
versal time (UT) on 23 January 1999 by the
GRB monitor (GRBM) and the wide-field
camera (WFC) of BeppoSAX, and by three
instruments on board the Compton Gamma-
ray Observatory, the Burst and Transient
Source Experiment (BATSE), the Compton
Telescope (COMPTEL), and the Oriented Scin-
tillation Spectrometer Experiment (OSSE). A
complex light curve was obtained, lasting
;100 s (5). The g-ray fluence was ;5.1 3
1027 J m22 (6). This places the burst in the top
0.3 % of the BATSE GRB fluence distribution
and it is one of the brightest events within the
COMPTEL and OSSE range (.0.7 MeV) (7).

After 6.0 hours, BeppoSAX was reorient-
ed toward the burst location and a previously
unknown x-ray source was detected (8). The
source intensity 1.6 (6 0.2) 3 10214 J m22

s21 (2 to 10 keV), makes this x-ray afterglow
the brightest detected so far. Optical observa-
tion conducted in response to the location of
the x-ray afterglow as determined by Bep-
poSAX led to the identification of an optical
transient, the GRB optical afterglow (hereaf-
ter OA) (9), associated with the GRB. This
OA was initially seen as an object of a red
broad-band magnitude R 5 18.2 (10). Optical
observations had, however, begun much ear-
lier. In response to the internet-transmitted
trigger from BATSE, ROTSE at Los Alamos
National Laboratories (11) had started wide-
angle imaging 22 s after the beginning of the
GRB. Off-line analysis, conducted after the
above-mentioned identification, revealed that
the OA had been detected already in the first
exposure, and had peaked at visual broad-
band magnitude V ; 9, some seconds later.

Optical spectroscopic observations re-
vealed that the redshift of the burst source is
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1.6 # z , 2.05 (12, 13). Assuming isotropic
emission, a Hubble constant of H0 5 70 km
s21 Mpc21, and a cosmological density pa-
rameter V0 5 0.3, implies an energy release
in g-rays of ;2.5 3 1054 erg, using the
BeppoSAX GBM data. This is larger by a
factor of 10 to 100 than measured for any of
the four other GRBs for which a redshift is
known.

We have obtained optical and near-infra-
red (IR) images centered on the GRB location
starting 8.5 hours after the burst (Table 1).
For the optical images, photometry was per-
formed by means of SExtractor (14), making
use of the corrected isophotal magnitude,
which is appropriate for star-like objects. As
the OA was generally quite faint on the later
epoch images, the DAOPHOT (15) profile-
fitting technique was used for the magnitude
determination. Zero points, atmospheric ex-
tinction and color terms were computed using

Fig. 1. Ultraviolet (U band) images of the OT 990123 location. The images were taken on 24 January,
UT 04:35 (left panel, 18.8 hours after the GRB), and on 17 February, UT 05:00 (right panel, 24 days after
the GRB). It shows the optical afterglow (arrow), and the underlying galaxy at the center of the image.
The field is 2.1 feet 3 2.1 feet. North is at top and east is to the left. Limiting magnitudes were U ;
22, and U ; 24.5, respectively.

Fig. 2. The UBVRI-band light-curves of the optical transient
related to GRB 990123, including the underlying galaxy. Filled
circles are our data, and empty circles are data taken from the
literature (23). The latter have been brought to a common
reference system. The dashed line is the pure OA contribution
to the total flux, according to the fits given on Table 4 for the
period of 8 hours to 2 days. The solid line is the combined flux
(OA plus underlying galaxy). Fig. 3. The R-band light-curve
of the GRB 990123 optical transient. Based on our observa-
tions and other data reported elsewhere (11, 23). The diamond
is the pure OA flux as derived from the HST observation (20). The dotted line is the contribution of the underlying galaxy, with R ; 23.77 6 0.10,
from (21). The three dashed lines are the contribution of the OA, following F } t d with d 5 22.12 up to ;10 min, d 5 21.13 up to ;1.5 days, and
d 5 21.75 after that time (Table 3). The latter matches the OA flux as derived from the HST observation (20). The solid line, only drawn after 1.5 days
for clarity is the total observed flux (OA 1 galaxy).
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observations of standard fields taken through-
out the run. Magnitudes of the secondary
standards in the GRB fields agree, within the
uncertainties, with those given in (16 ). Zero
point uncertainties are also included in the
given errors. For the IR images, the JK-band
calibration is based on the calibration given
in (17 ).

A comparison among optical images ac-
quired on 23 and 24 January allowed us to

confirm the variability in intensity of the
proposed OA (10). When compared to stars
in the field, the object shows an ultraviolet
(UV) excess, further supporting the associa-
tion of the transient x-ray source with the OA.
About 8.5 hours after the burst, we measured
R 5 19.10 6 0.15 for the OA, and 19 hours
later we found R 5 19.99 6 0.07 and a
broad-band UV magnitude of U 5 19.92 6
0.03. In these images the object is point-like

(resolution ;1 inch) and there is no evidence
of any underlying extended object as seen at
later epochs (Fig. 1).

Our first optical observation was done
nearly simultaneous to the BeppoSAX nar-
row-field instruments (NFI) observation,
which began 6 hours after the burst, implying
a ratio of x-ray (2 to 10 keV) to optical
luminosity (R-band) ;10, similar to GRB
970508 (18) but different from a ratio ;200
for GRB 970228 (19).

Our UBVRI light curve (Fig. 2) shows that
the source was declining in brightness. To
obtain the flux due to the OA we have ex-
cluded the contribution of the underlying gal-
axy that was detected with the Hubble Space
Telescope (HST) (20). For the galaxy we
have considered our broad-band measure-
ments of U 5 23.60 6 0.15 on 17.2 February
B 5 24.23 6 0.10 (blue) on 13.2 February
and I 5 23.65 6 0.15 (near, IR) on 18.2
February which, together with V 5 24.20 6
0.15 on 9.1 February (20) and R 5 23.77 6
0.10 on 14.5 February (21) imply a flat spec-
tral distribution (Fn } nb with b ; 0) as
expected in the rest-frame UV for a star-
forming galaxy (22).

A single power-law decay, as predicted by
the single afterglow models, with the flux F }
td where t is the time since the onset of the
GRB (where the onset is arbitrarily defined
on the basis of the BATSE data) and d is the
power-law decay exponent, does not fit the

Table 1. Journal of the GRB 990123 optical and IR observations.

Date
(1999)

Time
(UT)

Telescope Filter
Integration

time (s)
Magnitude

23 Jan 18:09 0.6 BAO R 1200 19.10 6 0.15
23 Jan 22:15 1.0 UPSO R 1200 19.42 6 0.17
23 Jan 23:00 1.0 UPSO R 2400 19.69 6 0.06
24 Jan 02:18 2.5 NOT R 180 19.89 6 0.04
24 Jan 02:23 2.5 NOT R 180 19.88 6 0.04
24 Jan 02:28 2.5 NOT V 180 20.21 6 0.06
24 Jan 02:33 2.5 NOT V 180 20.18 6 0.06
24 Jan 02:56 1.5 Loiano I 1200 19.66 6 0.14
24 Jan 03:24 1.5 Loiano R 1500 19.99 6 0.07
24 Jan 03:56 1.5 Loiano V 1800 20.32 6 0.07
24 Jan 03:59 2.5 NOT R 6 3 300 20.07 6 0.02
24 Jan 04:26 2.5 NOT B 300 20.68 6 0.03
24 Jan 04:35 2.5 NOT U 600 19.92 6 0.03
24 Jan 04:39 1.5 Loiano B 2700 20.62 6 0.08
24 Jan 05:11 1.5 Loiano R 600 20.14 6 0.10
24 Jan 06:20 0.8 IAC R 900 $19.5
24 Jan 06:36 0.8 IAC I 900 $19.0
24 Jan 11:56 4.0 KPNO U 900 20.50 6 0.10
24 Jan 19:07 0.6 BAO R 3600 20.84 6 0.30
24 Jan 22:14 1.0 UPSO R 3600 20.83 6 0.08
25 Jan 03:28 1.5 Loiano R 2 3 1500 21.14 6 0.15
25 Jan 04:30 2.2 CAHA R 2 3 300 $21.0
25 Jan 04:52 1.5 Loiano V 2 3 1500 21.35 6 0.18
25 Jan 06:25 2.5 NOT U 2 3 600 21.11 6 0.06
25 Jan 06:45 0.8 IAC R 900 $20.5
25 Jan 06:50 2.5 NOT B 2 3 300 21.76 3 0.05
25 Jan 07:01 0.8 IAC I 667 $19.5
25 Jan 07:01 2.5 NOT V 2 3 180 21.52 6 0.07
25 Jan 07:10 2.5 NOT R 2 3 180 21.18 6 0.11
25 Jan 07:17 2.5 NOT I 180 20.85 6 0.25
25 Jan 21:30 0.6 BAO R 2400 21.40 6 0.25
25 Jan 22:33 1.0 UPSO R 2400 21.34 6 0.15
25 Jan 23:45 1.0 UPSO V 3600 21.89 6 0.20
26 Jan 03:19 1.5 Loiano R 3 3 1500 21.90 6 0.20
26 Jan 03:46 1.5 Loiano V 2 3 1800 22.33 6 0.17
26 Jan 03:55 3.5 CAHA I 900 21.75 6 0.30
26 Jan 04:23 3.5 CAHA R 900 21.87 6 0.10
26 Jan 04:41 3.5 CAHA B 900 22.60 6 0.10
26 Jan 05:03 3.5 CAHA V 1200 22.24 6 0.06
26 Jan 05:51 3.5 CAHA U 2 3 1800 21.90 6 0.15
27 Jan 12:34 4.0 KPNO R 5 3 900 22.50 6 0.05
28 Jan 02:35 2.2 CAHA U 2 3 1500 $21.0
28 Jan 03:18 2.2 CAHA I 1500 $22.0
29 Jan 23:15 1.0 UPSO R 6 3 1200 $22.5
13 Feb 05:00 2.5 NOT B 18 3 600 24.23 6 0.10
17 Feb 05:00 2.5 NOT U 8 3 1200 23.60 6 0.15
18 Feb 05:00 2.5 NOT I 10 3 900 23.65 6 0.15

24 Jan 05:30 1.5 TCS J 1340 $18.4
24 Jan 06:03 1.5 TCS K9 450 $17.5
30 Jan 05:50 3.5 CAHA K9 2310 $19.5

Observations were conducted at the 0.6-m Schmidt telescope of the Beijing Astronomical Observatory in Xinglong,
China (BAO); the 1.04-m Sampurnanand telescope at Uttar Pradesh State Observatory, Nainital, India (UPSO); the IAC
0.82-m telescope at Observatorio del Teide, Tenerife, Spain (IAC); the 2.56-m Nordic Optical Telescope at Observatorio
del Roque de los Muchachos, La Palma, Spain (NOT); the 1.5-m telescope of the Bologna Astronomical Observatory at
Loiano, Italy (Loiano); the 3.5-m telescope at the German-Spanish Calar Alto Observatory (3.5CAHA); the 2.2-m
telescope at the German-Spanish Calar Alto Observatory (2.2CAHA); the 4.0-m telescope at the Kitt Peak National
Observatory (KPNO); and the 1.5-m Carlos Sánchez Telescope at the Observatorio del Teide, Tenerife, Spain (TCS).

Table 2. Power-law fits to the UBVRI observations
of GRB 990123 for t . 3 hours

Filter d x2/df

U 21.41 6 0.07 3.0/2
B 21.33 6 0.05 11.8/7
V 21.30 6 0.03 22.5/10
R 21.21 6 0.02 99.2/33
I 21.32 6 0.19 1.9/2

Table 3. Power-law fits to the R-band observa-
tions of GRB 990123.

Time interval d x2/df

0 2 10 min 22.12 6 0.03 15.9/3
3 hours 2 2 days 21.13 6 0.02 23.2/25

2 2 20 days 21.75 6 0.11 2.1/7

Table 4. Power-law fits to the UBVRI observations
of GRB 990123 for from 8 hours to 2 days.

Filter d x2/df

U 21.36 6 0.08 3.7/1
B 21.26 6 0.06 5.4/6
V 21.20 6 0.04 5.8/8
R 21.13 6 0.02 23.2/25
I 21.14 6 0.19 0.1/1
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data obtained beginning 3 hours after the
burst (as can be seen from the high x2 per
degree of freedom (df) values in Table 2).
We also included in the fit other observations
given in the literature (23), normalized to a
common reference system. The results are
even worse if we consider the ROTSE data
(11) and the magnitude derived from the HST
observation on 9.1 February (20). This im-
plies that a single power law is not the best
model.

The ROTSE and HST points can be trans-
formed to the R-band magnitudes by assum-
ing that V-R ; 0.3 (based on our earliest and
latest observations). Then we find that the
overall R-band light curve is better sampled
than the other bands and can be fit when three
distinct power-law decays are considered, es-
pecially from the time intervals of 3 hours to
2 days and of 2 days to 20 days after the burst
(Fig. 3 and Table 3). Therefore, for the rest of
the broad-band data and due to the lack of
measurements after 2 days, we have per-
formed fits only from the time interval of 8
hours to 2 days after the burst (Table 4). The
BVRI band fits are more acceptable than
those given in Table 2. Although suggestive
of a temporal decay rate gradual change, the
multicolor fit is consistent, within a 2 s un-
certainty, with a single power-law with ^d& 5
21.22 6 0.08.

GRB optical afterglows can be explained
by the “standard” fireball model (24 ), under
the assumption of an impulsive energy input
characterized by a given energy and a bulk
Lorentz factor. A forward relativistic blast
wave is moving ahead of a fireball and
sweeps up the interstellar matter, decelerating
with time and producing an afterglow at fre-
quencies gradually declining from x-rays to
visible and radio wavelengths. The properties
of the blast wave can be derived from the
classical synchrotron spectrum (25) produced
by a population of electrons with the addition
of self absorption at low frequencies and a

cooling break (26 ). The population of elec-
trons has a power-law distribution of Lorentz
factors Ge following dN/dGe } Ge

2p (above a
minimum Lorentz factor Ge $ Gm corre-
sponding to the synchrotron frequency nm),
where p is the usual index of the electron
energy distribution.

According to the current view, the for-
ward external shock wave would have led to
the afterglow as observed in all wavelengths
(27). On 24.2 January UT, the equivalent spec-
tral slope b (with Fn } nb) between the optical
band and the x-ray wavelengths was box 5
20.68 6 0.05 (Fig. 4), in agreement with the
optical spectroscopy obtained on the same date
(13) and similar to the spectral indexes of other
x-ray afterglows in which box . 20.5 to 21.0
(28). Our nearly-simultaneous UBVRI observa-
tions and the upper limits (Table 1) for the J and
K band measurements on 24.2 January UT,
imply R-J # 1.6, R-K # 2.8, and are in agree-
ment with the above-mentioned values of box,
indicating a non-reddened spectrum.

The optical afterglow is fit by a single
power law up to t ' 1.5–2 days. Thereafter,
a different, steeper power-law index fits the
data better than a single power law. A possi-
ble explanation for the possible gradual
change of d between ;8 hours and 2 days in
the UBVRI bands could be the passage of the
cooling frequency across the UV-optical
range at ;1 day. Assuming an adiabatic blast
wave and that the cooling frequency nc was
above the UV on 24.2 January, we can con-
sider Fn } n20.7 (for n , nc) as observed in
our spectrum taken on 24.2 January (12).
This implies a temporal decay Fn } t21.05 for
n , nc and Fn } t21.3 for n . nc, with a slow
transition from one behavior to the other (nc

} t20.5). This transition could have been
hinted in our measurements (Table 4). With
respect to the break seen after 1.5 to 2 days,
a possibility will be the transition for spher-
ical ejecta to a non-relativistic phase (13). An
alternative explanation might be the existence

of a strongly collimated jet pointing toward
us that has begun to spread (29), although this
cannot be definitively proven on the basis of
the polarimetric measurements (30).

The observed power law with d 5
21.75 6 0.11 is also expected from seeing
the edge of the jet (31), which occurs well
before the jet expands laterally from the point
of view of Earth-based observers (32). The
break due to a lateral expansion in the decel-
erating jet occurs when the initial Lorentz
factor G drops below u0

21 (with u0 the initial
opening angle). For the latter a change in d
from 3(1 2 p)/4 to 2p (for nm , n , nc), or
from (2 2 3p)/4 to 2p (for n $ nc) is expect-
ed. From the x-ray (2–10 keV) data obtained
after 6 hours, dx 5 21.44 6 0.07 was derived
(33), which implies p 5 2.58 6 0.10 for the
fast cooling electrons. And from dR 5
21.13 6 0.02 in the R-band, we should get
p 5 2.50 6 0.03 (2.17 6 0.03) for the slow
(fast) cooling electrons. Then we consider
p 5 2.50 6 0.03 and consequently, the OT
light curve may continue to steepen, ultimate-
ly approaching a slope d ; 22.5.
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Polarimetric Constraints on the
Optical Afterglow Emission

from GRB 990123
Jens Hjorth,1* Gunnlaugur Björnsson,2 Michael I. Andersen,3

Nicola Caon,4 Luz Marina Cairós,4

Alberto J. Castro-Tirado,5,6 Marı́a Rosa Zapatero Osorio,4

Holger Pedersen,1 Enrico Costa7

Polarization of the optical emission from GRB 990123 was measured on 24.17
January 1999 universal time (UT) with the Nordic Optical Telescope. An upper
limit of 2.3% on the linear polarization was found. Accurate polarization mea-
surements provide important clues to the blast wave geometry and magnetic
field structure of gamma-ray bursts. The lack of detectable polarization for GRB
990123 indicates that the optical afterglow was produced by a blast wave of
unknown geometry with an insignificant coherent magnetic field or by a
beamed outflow at high Lorentz factor seen at a small viewing angle. Such a
collimated jet would help solve the problem of energy release in this excep-
tionally luminous cosmological burst.

Optical afterglow, observed following nine
g-ray bursts (GRBs) over the past 2 years, is
believed to be synchrotron radiation from an
expanding ultrarelativistic blast wave (1). The
exact source geometry and emission mecha-
nism is unknown but can be constrained by
accurate optical polarization measurements. Po-
larization may be expected if the emission is
beamed or originates in a magnetic field pro-
duced by the blast wave with a coherence
length growing at the speed of light.

GRB 990123 was a very bright GRB (2)
accompanied by a V ' 9 optical flash (3). The
afterglow was the brightest ever recorded in
x-rays (2) and sufficiently bright at optical
wavelengths (4) to allow detailed ground-based
observations (5, 6). This led to constraints on its
redshift 1.60 # z , 2 (6, 7), making it the
intrinsically most luminous GRB observed to
date with an inferred isotropic energy release in
g rays alone of about Eg p/V ; 4 3 1054 erg
(6), comparable only to GRB 980329, if that
burst occurred at z ; 5 (8).

As soon as the location of the optical after-
glow of GRB 990123 became visible at the
2.56-m Nordic Optical Telescope (NOT) on La

Palma, The Canary Islands, observations de-
signed to detect any polarization at the 10%
level with high confidence were conducted. Po-
larimetric imaging observations were obtained
with the Andalucia faint object spectrograph
(ALFOSC) using two calcite blocks together
with a red (R) broad-band filter (wavelength
range: 5670 Å to 7150 Å). Each exposure gave
two orientations of the polarization, 0° and 90°,
or 245° and 45° (Table 1 and Fig. 1).

The linear polarization was computed from
the derived fluxes in the four orientations. As-
suming that no instrumental polarization or other
systematic bias was present, the resulting linear
polarization is 0.6 6 1.4%. If the polarization is
determined relative to the two stars present in
the field of view (Fig. 1) a maximum of 1.2 6
1.4% linear polarization is found. Under the
assumption that the two stars are unpolarized,
the latter measurement would account for pos-
sible interstellar polarization, polarization in-
duced by the telescope and instrument, and
point-spread function (PSF) variation across the
field. At such low significance levels a correc-
tion must be applied to the computed values to
account for the non-Gaussian nature of the un-
derlying probability distribution (9). When cor-
rected for this effect the polarization is found to
be 0.0 6 1.4% using either measurement. This is
consistent with no linear polarization and we
conclude that an upper limit of 2.3% (95%
confidence limit) is set on the linear polarization
of the optical afterglow of GRB 990123 on
24.17 January 1999 UT. This upper limit is
much stronger than the existing upper limits on
the linear polarization of radio afterglows of
cosmological GRBs; ,19% for GRB 980329
(10) and ,8% for GRB 980703 (11).

The effects of depolarization or interstellar
polarization in the Galaxy are expected to be
negligible at the high latitude of GRB 990123
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