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Nielsen,, M. Linden-V0rnle, J. Melnick, G. van der Steene, M. Bremer, R. Naber, J. Heise, J. 
inn 't Zand, E. Costa, M. Feroci, L. Piro, F. Frontera, G. Zavattini, L. Nicastro, E. Palazzi, K. 
Bennet,, L. Hanlon & A. Parmar 

Naturee 386,686 (1997) 

Forr almost a quarter of a century (Klebesabel, Strong and Olson 1973), the 
originn of 7-ray bursts -brief, energetic bursts of high-energy photons- has 
remainedd unknown. The detection of a counterpart at another wavelength has 
longg been thought to be a key to understanding these bursts (see, for example, 
Fishmann and Meegan 1995), but intensive searches have not revealed such 
aa counterpart. The distribution and properties of the bursts (Meegan et al. 
1992)) are explained naturally if they lie at cosmological distances (a few Gpc; 
Paczyriskii  1986), but there is a countervailing view that they are relatively 
locall  objects (Podsialowski, Rees and Ruderman 1995), perhaps distributed 
inn a very large halo around our galaxy. Here we report the detection of a 
transientt and fading optical source in the error box associated with the burst 
GRBB 970228, less than 21 hours after the burst (Groot et al. 1997a, b). The 
opticall  transient appears to be associated with a faint galaxy (Groot el at. 
1997b;; Metzger et al. 1997), suggesting that the burst occured in that galaxy 
andd thus that 7-ray bursts in general lie at cosmological distance. 

5.11 GRB 970228 

GRBB 970228 was detected (Costa et al. 1997a) with the Gamma-ray Burst Monitor (Frontera 
ett al. 1991) on board the Italian-Dutch BeppoSAX satellite (Piro, Scarsi and Butler 1995) 
onn 1997 February 28, UT 02h58m01s. The event lasted ~ 80s and reached peak fluxes of ~ 
4xx 10"6, ~ 6x 10-6 and 10~7 erg cm"2 in the 40-600 keV, 40-1000 keV and 1.5-7.8 keV 
ranges,, respectively (Costa et al. 1997a; Palmer et al. 1997; note that the peak flux of 0.23 Crab 
quotedd in Costa et al. 1997a is in error). It occured in the field of view of one of the BeppoSAX 
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Widee Field Cameras (WFC; Jager et al. 1997). The spectrum of the event is characteristic 
off  classical 7-ray bursts (GRBs; Palmer et al. 1997). Its position (about halfway between a 
Taurii  and 7 Orionis) was determined with an accuracy of 3' (radius; Costa et al. 1997a) at 
rightright ascension (RA) 05h01m57s, declination (dec.) +11°46'5. Application of the long-baseline 
timingg technique (Hurley et al. 1996) to the GRB data obtained with the Ulysses spacecraft, 
andd with the BeppoSAX and the Wind satellites, respectively, constrained this location to be 
withinn each of two parallel annuli, with half-widths (Cline et al. 1997; Hurley et al. 1997) of 
31""  (3cr) and 30" (3cr), respectively, which intersect the WFC error circle (Fig. 5.1). 
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Figuree 5.1: The position of the optical transient, indicated with an asterisk, is shown with re-
spectspect to the 3' (radius) WFC location error circle, the 50" (radius) error circles of the BeppoSAX 
X-rayX-ray transient, and the two annuli obtained from the differences between the times the GRB 
waswas detected with Ulysses, and with BeppoSAX and Wind, respectively. The area in common 
betweenbetween these error regions is hatched. The coordinates are given in units of arcmin with re-
spectspect to the position of the optical transient (RA 05h0Jrn46i.665, Dec. +11°46'53".9, J2000). 
TheThe position of an unrelated radio source (Frail et al. 1997) in the error circle of the X-ray 
transienttransient is indicated with the square symbol. 

Eightt hours after the burst occured, BeppoSAX was reoriented so that the GRB position 
couldd be observed with the LECS and MECS detectors (Parmar et al. 1997; Bonura et al. 
1992).. A weak X-ray source was then found (Costa et al. 1997b) at RA 05h01m44s, dec. 
++ 11°46!7 (error radius 50"), near the edge of the WFC error circle (Costa et al. 1997a; Fig. 
5.1).. The 2-10 keV (MECS) flux of this source was 2.4x l0"12 erg cm"2 s_1. The LECS 
instrumentt measures a 0.1-10 keV source flux of (2.6  0.6) x 10"12 erg cm"2 s"1. The source 
spectrumm was consistent with a power-law model with photon index 2.7, reduced at low energy 
byy a column density /VH of 5.6x 1021 cm- 2. During an observation with the same instruments 
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onn March 3, 17h37mUT this flux had decreased by a factor of 20 (Costa et al. 1997b). With 
ASCAA the X-ray source was detected (Yoshida et al. 1997) on 7 March at a 2-10 keV flux of 
(0.88  0.2) x 10~13 erg cm"2 s_1. 

5.22 Optical observations 

Onn Februaryy 28, 23h48m UT, 20.8 hours after the GRB occured, before we had any knowledge 
off  the X-ray transient, we obtained a V-band and an I-band image (exposure times 300 s each) 
off  the WFC error box with the Prime Focus Camera of the 4.2-m William Herschel Telescope 
(WHT)) on La Palma (Groot et al. 1997c). The 1024x 1024 pixel CCD frames (pixel size 24/im, 
correspondingg to 0'.'421) cover a 7!2x7!2 field, well matched to the size of the GRB error box. 
Thee limiting magnitudes of the images are I =23.7 and I = 21.4. We obtained a second I-band 
imagee on March 8, UT 21h12m with the same instrument on the WHT (exposure time 900 s) 
andd a second V-band image on March 8, 20h42m UT with the Isaac Newton Telescope (INT) 
onn La Palma (exposure 2500 s). Photometric calibration was obtained from images of standard 
starr number 336 in Landolt field 104 (Landolt 1992). The images were reduced using standard 
biass subtraction and flatfielding. 

AA comparison of the two image pairs immediately revealed one object with a large bright-
nesss variation (Groot et al. 1997a): it is clearly detected in both the V- and I-band images taken 
onn 28 February, but not in the second pair of images taken on 8 March (Fig. 5.2). From a com-
parisonn with positions of nearby stars that were obtained using the Digitized Sky Survey, we 
findfind for its location RA 05h01m46s66, Dec. +11°46'53'.'9 (equinox J2000); this position has an 
estimatedd (internal) accuracy of 072. The object is located in the error box defined by the WFC 
position,, the Ulysses/BeppoSAX/Wind annuli, and the transient X-ray source position (see Fig. 
5.1). . 

Usingg aperture photometry software we determined the magnitude of thee variable as follows 
(Groott et al. 1997a): V = 21.3  0.1,1 ~ 20.6  0.1 on February 28, and V > 23.6,1 > 22.2 
onn 8 March. The shape of the source in both the 28 February V- and I-band images is consistent 
withh that of the point-spread function, as determined for 15 stars in the same images. 

Closee to the optical transient is a star, located 2V85 away at RA 05h01m4ö!47, Dec. +11°46' 
54'.'0,, with V = 23.1,1 = 20.5. A spectrum of this star, taken on March 1, UT Ohwith the ESO 
3.6-mm telescope using the EFOSC1 spectrograph and the R1000 grating (resolution of 14 A per 
pixel),, covering the 5600-11000 A region, reveals the presence of TiO bands, which indicate it 
iss an M-type star. With foreground absorption Av = 0.4  0.3 (Hakillaet al. 1997; substantially 
smallerr than the value inferred from the low-energy cutt off in the LECS spectrum), its colour 
index,, V — I = 2.6, corresponds to an M2 star (Johnson 1966). It is most likely to be an M-dwarf 
att a distance of ~ 3 kpc (an early M-type giant would be located at a distance ~ 0.4 Mpc, which 
wee consider much less likely). 

Furtherr images were obtained with the Nordic Optical Telescope (NOT, La Palma) on 4 
March,, with the INT on 9 March, and with the ESO New Technology Telescope (NTT) on 13 
Marchh (see Table 5.1 for a summary). The transient was not detected in these images, which 
putss a lower limit on its average decay rate (in 4 days) of 0.7 mag per day. The NTT image 
showss that at the location of the variable object there is an extended object, probably a galaxy 
(Groott et al. 1997b; Metzger et al. 1997; Fig. 5.3); this object is also seen in the INT B- and 
R-bandd images of March 9. From differential astrometry relative to the nearby M star for both 
thee V- and I-band images, we find that the centres of the optical transient and the galaxy have 
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Figuree 5.2: \ -hand images of a 1'xl' region of the sky containing the position of the optical 
transient.transient. The left image was obtained with the WHT on 1997. 28 February, UT 23h48m, the 
rightright image with the INT on 8 March, UT 20 42m. The optical transient is indicated by 'OT'. 
TheThe M-dwarf separated from the optical transient by 2".85, is also indicated. 

Tablee 5.1: Summary of optical observations 

Datee (1997) 
288 Feb. 
288 Feb. 
044 Mar. 
088 Mar. 
088 Mar. 
099 Mar. 
099 Mar. 
133 Mar. 

Timee (UT) 
23h48m m 

231,53m m 

20h42m m 

20h42m m 

21h12m m 

21h30m m 

20h30m m 

0 h 0 m m 

Telescope e 
WHT T 
WHT T 
NOT T 
INT T 
WHT T 
INT T 
INT T 
NTT T 

Band d 
V V 
1 1 
V V 
V V 
I I 
R R 
B B 
R R 

Int.. time (s) 
300 0 
300 0 
900 0 
2500 0 
300 0 
1200 0 
2500 0 
3600 0 

Magnitude e 
\\ "=21.3 
7=20.6 6 
VV > 24.2 
\ '' > 2.3.6 
ƒƒ > 22.2 
R=24.0 R=24.0 
C=25.4 4 
#=23.8 8 

Remarks s 
Transient t 
Transient t 

Extended d 
Extended d 
Extended d 

aa relative distance (0"22  (X'12, \cr; quadratic addition of the errors in two relative positions). 
Thee relative position of the optical transient did nog change by more than 0"2 between the 28 
Februaryy V- and I-band image. From the NTT images and the 9 March INT image we measured 
(Groott et al. 1997b) the galaxy's magnitude to be R = 23.8  0.2 and 24.0  0.2, respectively, 
consistentt with the value of R = 24.0, reported by Metzger et al. (1997), and B - 25.4  0.4 
(Tablee 5.1). 

5.33 Variability background 

Knownn types of optical transient events (novae, supernovae, dwarf novae, flare stars) are un-
likelyy to account for the optical transient for a variety of reasons, such as the amplitude and 
shortt timescale of its variability, its colour index, or its inferred distance. 
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Figuree 5.3: R-band image of a 
44"44" x44"region of the sky containing 
thethe position of the optical transient, ob-
tainedtained with the NTT on 1997 13 March, 
OOhhUT.UT. The faint galaxy coincident with the 
opticaloptical transient (A) and the M-dwarf are 
indicated. indicated. 

Thee GRB source is located relatively close to the ecliptic, at latitude -11°, and this raises 
thee possibility that the optical transient is an asteroid. However, on 1 March asteroids in the 
directionn of the GRB have proper motion of at least 0.1° per day (T. Gehrels, personal com-
munication),, which would have led to easily detectable motion (>2"5) during the 600-s total 
exposuree time of our two separate images. On the basis of its proper motion during our two 
exposuress we cannot rule out that the optical transient is a Kuiper Belt object. However, its 
non-detectionn on other images taken in the week following the GRB, the low surface density 
(onee per several hundred square degrees at 21st magnitude, T. Gehrels, personal communica-
tion)) of Kuiper belt objects, and their very red colours (Luu and Jewitt 1996), make such objects 
aa highly unlikely explanation of the optical transient. 

Thee variability of the optical sky above 21st magnitude, on timescales of a few days, has 
nott yet been extensively explored (Paczynski 1997; Trevese et al. 1989), and it is therefore not 
possiblee to make a firm estimate of the probability that the optical transient we detected is a faint, 
stronglyy variable AGN, unrelated to the GRB, or has another (unknown) origin unrelated to the 
GRB.. Some information is available from the faint-galaxy monitoring program of Kochanski et 
al.. (1996), which covered 2830 galaxies (down to B = 24.8,, R - 23.3) in a 16'x 16' field during 
100 years. They found that near B = 24 only ~ 0.5% of these varied by more than 0.03 mag on 
aa timescale of months to years; none varied by more than a magnitude. Variability of blazars 
onn timescales of minutes to hours does not exceed 0.3 mag; day-to-day variations of a factor of 
twoo or more have been observed (Miller and Noble 1996). 

Althoughh we cannot firmly exclude that the optical transient in the error box of GRB 970228 
iss caused by some unknown event unrelated to the GRB, the temporal coincidence between the 
opticall  and X-ray transients, and their spatial coincidence with the GRB lead us to believe 
thatt both the optical transient and the decaying BeppoSAX X-ray source are associated with 
GRBB 970228 

 J 
%% * *  % 0 -<—M-dwarf * 

EE J 4 4 

44' ' 
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5A5A Multiwavelength observations 
Radioo observations (at 6 cm wavelength) of the GRB error box (Groot et al. 1997a) made with 
thee Westerbork Synthesis Radio Telescope on February 28, UT 23h 17m(for 1.2 h; 20.4 h after 
thee GRB, simultaneous with the observations at the WHT) and on March 1, UT 18hand March 
2,, 18hUT (each lasting 12 hours) show that at the position of the optical transient there is then no 
radioo point source with a flux exceeding 1.0, 0.33 and 0.33 mJy, respectively (2a upper limit). 

Somee rough spectral information on the optical/X-ray transient can be obtained if we assume 
thatt between the two BeppoSAX X-ray observations, made 4 days apart, the X-ray flux of the 
transientt decreased with time since the GRB as a power law. Approximating the spectrum by 
FFuu oc va we estimate from Fx ~ 0.04 ^Jy (interpolated) and Fv ^ 10 ̂ Jy, that a = -0.7  0.1. 
Extrapolationn of this spectrum to the radio region would lead to an expected radio flux density 
off  10-100 mJy, far exceeding the observed upper limit. This indicates that the X-ray, optical 
andd radio flux densities of the transient cannot be represented by a single power law. 

5.55 Positional coincidence with a galaxy 

Thee close position coincidence between the optical transient and the galaxy suggests that the 
transientt may be located in that galaxy. In an effort to quantify this we adopt a bayesian ap-
proach.. We consider three disjoint and exhaustive hypotheses for the source of the optical 
transient.. The hypotheses are: Hc, the optical transient is in the centre of a galaxy; Hg, the 
opticall  transient is in a galaxy, but not at its centre; and Hn, the optical transient is not in a 
galaxy. . 

Wee assume here that there is a singlee optical transient detected in the field of view of angular 
areaa A and that n non-overlapping galaxies are detected in the field. The transient is at distance 
rr  a from the nearest galaxy, where the error includes the uncertainty in the positions of 
thee centroids of both the galaxy and the transient. The probability density at r under Hc is 
P(r\HP(r\Hcc)) — (27ra2rc)_1 exp[-(r2/2af)]. The probability density under H% depends on the size, 
shapee and inclination of the galaxy and the specifics of the model for the distribution of sources 
inn the galaxy. For simplicity, we assume the probability density to be gaussian with width ag. 
Thenn P(r\Hg) = {27T(j2n)_1 exp[-(r2/2cx2)]. The probability density under Hn is uniform 
overr the field of view so P(r\Hn) = A~]. The posterior probability of each hypothesis H is 
P(H\r)P(H\r) = kP(H)P(r\H), where P{H) is the prior probability and the normalization constant 
kk is obtained by requirement that P(Hc\r) + P{Hg\r) + P{Hn\r) = 1. 

Forr the NTT observation we find seven galaxies in A = (44")2 field, that is, n = 13 per 
arcmin2,, r = 0722, a = 0712. A reasonable estimate for the galaxy width is <xg = 1". With 
thesee values the probability densities at r are P{r\Hc) = 0.294, P(r\Hg) = 0.022 and P(r\Hn) 
== 0.0005, all in units of arcsec-2. Assuming equal priors P{HC) = P{Hg) = P{Hn) = 1/3, the 
posteriorr probabilities are P(Hc\r) = 0.928, P{Hg\r) = 0.070 and P{Hn\r) = 0.0016. The 
posteriorr probability for Hg depends sensitively on the assumed ag. However, the posterior 
probability,, P(Hn\r) that the transient is not associated with a galaxy is in the range 0.09-
0.18%,, for any assumptions about the size of faint galaxies. Within the range of assumed values 
forr <7r between 0708 and 072 the values of P(Hn\r) increase by less than a factor of 3. 

Thee above analysis suggests that the optical transient is related to the faint galaxy, which 
providess support for the cosmological distance scale for GRBs. 

AA rough estimate of the expected redshift, z, of the galaxy may be made by assuming that 
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itss absolute magnitude is in the range -21 to -16, which covers the bulk of normal galaxies 
(Schechterr 1976). For an assumed Hubble constant of 60 km s_1 Mpc-1, this corresponds to z 
inn the range 0.2-2. 

Thee close proximity of the optical transient to the centre of the faint galaxy, and the presence 
off  relatively bright quasars in the 8 arcmin2 error box of GRB 781119 (V = 20; Pedersen et al. 
1983;; Pedersen and Hansen 1997; Boer et al. 1997), and in the 3' (radius) error box (In 't Zand 
ett al. 1997) of GRB 960720 (R = 18.8; Greiner and Heise, 1997; Piro et al. 1997, Walsh et 
al.. 1984) raise the possibility that GRBs occur preferentially, or exclusively, in or near galactic 
nuclei. . 

5.66 Conclusions 

Searchess for an optical counterpart to a GRB have been continually attempted for the past 20 
years.. Recent reviews and descriptions of serendipitous, rapid follow-up, and delayed searches 
forr the optical counterparts of GRBs (Barthelmy et al. 1996; McNamara et al. 1996a, b; Vrba, 
Hartmannn and Jennings 1995; Vrba 1996; Luginbuhl et al. 1996; Castro-Tirado et al. 1994; 
Klosee 1995; Schaefer 1994) show that these previous searches were generally made a week or 
longerr after the GRB, or they were not as deep (V < 20) as the images presented here. The 
mostt sensitive rapid follow-up observations so far had delay times (St) and limiting magnitudes 
(m)) as follows: St = 1.85 d, m < 23 (Shaefer et al. 1994), and St = 4.0d, mB < 22 (McNamara 
etal.. 1996a). 

Itt was not until the launch of BeppoSAX in 1996 that accurate (several arcmin) locations 
forr GRBs became available within hours of detection, hence facilitating rapid follow-up obser-
vationss at large ground-based optical telescopes for those bursts which happened to be in the 
fieldd of the WFC. The continued operation of BeppoSAX and the approval of the High Energy 
Transientt Explorer-2 (HETE-2) mission bode well for great progress in the rapid follow-up ob-
servationss of GRBs. Also, near-real-time, fully automated optical systems linked to the BATSE-
BACODINEE (Barthelmy et al. 1996) system are becoming operational, and their sensitivity is 
continuallyy improving (Park et al. 1997; Lee et al. 1997). 

Wee expect that X-ray and optical transients associated with GRBs will again be seen (though 
perhapss not in all cases; Castro-Tirado et al. 1997) in the near future. This could be a turning 
pointt in GRB astronomy. Detailed studies (light curves and spectra) of such transients can be 
expectedd within a year, and we are optimistic that the distance scale as well as the mechanism 
behindd the enigmatic GRBs are now within reach. 

Acknowledgments.Acknowledgments. We thank T. Courvoisier, T. Gehrels, J. Hakkila, D. Hartmann, M. Kippen, S. 
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onn this Letter. 

NoteNote added in proof: After this paper was submitted, an HST observation was made of the 
opticall  transient (Sahu et al. 1997). This observation confirms that the transient is associated 
withh an extended emission region, but seems to exclude that the transient is at the centre of that 
region. . 
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