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ABSTRACT
We report the detection with ROSAT of a transient X-ray source at R.A. and decl.17h44m33s.1

[28¡44@29A (J2000), which we identify with the transient bursting pulsar GRO J1744[28. We have
made K-band observations of the X-ray source at ESO and the US Naval Observatory, Flagsta†
Station. A K-band counterpart of this transient previously identiÐed by us on an image taken 1996 Feb-
ruary 8 by Blanco et al. is found to be detected during only two (of seven) short exposures of which this
image is composed. We cannot deÐnitely reject the reality of this variable object but feel that it is not
possible to rule out an instrumental e†ect. The lack of a persistent K-band counterpart of GRO
J1744[28 is consistent with the idea that the low-energy emission from this object is dominated by
reprocessing of X-rays in an accretion disk.
Subject headings : pulsars : individual (GRO J1744[28) È stars : neutron È X-rays : stars

1. INTRODUCTION

Early in 1995 December a source of hard X-ray bursts
near the Galactic center was discovered with BATSE

et al. et al. Initially, the(Fishman 1995 ; Kouveliotou 1996a).
burst intervals were as short as 3 minutes, but after a day
the observed burst rate settled at D20 per day, at which rate
the source kept emitting bursts until April 26 ; then the
burst rate rapidly decreased. Bursts were no longer detected
with BATSE after 1996 May 2. On 1995 December 12, a
transient source of persistent hard X-ray emission, GRO
J1744[28, was discovered near the burst source (Paciesas
et al. This source is a 467 ms X-ray pulsar et1996). (Finger
al. in an 11.8 day binary orbit and has a remarkably1996a)
small mass function [ f (M) \ 1.3] 10~4 M

_
; Finger,

Wilson, & van Paradijs et al. The1996b ; Finger 1996c].
burst source and the pulsar are one and the same source

et al. Subsequent Rossi X-Ray Timing(Kouveliotou 1996b).
Explorer (RXT E) observations et al. showed(Swank 1996)
that the 2È100 keV spectrum (both in the bursts and in
persistent emission) of GRO J1744[28 is typical for X-ray
pulsars. The average persistent BATSE (20È60 keV) Ñux of
the source increased from ergs cm~2 s~1 early in[10~9
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1995 December to D4 ] 10~8 ergs cm~2 s~1 early in 1996
February ; after that, the source intensity decayed mono-
tonically to less than 10~9 ergs cm~2 s~1 by early 1996
May. GRO J1744[28 is very likely a low-mass X-ray
binary (LMXB) ; several studies have been made of its evo-
lutionary history on the basis of the assumption that this is
the case et al. Miller, & Taam(Daumerie 1996 ; Lamb, 1996 ;

& Dermer Paradijs et al.Sturner 1996 ; van 1997).
As is the case for the type II bursts from the Rapid

Burster et al. the bursts are most likely caused(Lewin 1976),
by an instability in the accretion Ñow to the neutron star,
but the nature of the instability has not been established
with certainty et al. et al.(Kouveliotou 1996a ; Lewin 1996 ;
Cannizzo 1996).

The initial BATSE error box of GRO J1744[28
et al. et al. was soon reÐned(Fishman 1995 ; Paciesas 1996)

by time-delay measurements between the Compton Gamma
Ray Observatory (GRO) and Ulysses (Hurley et al. 1995,

and scanning observations with the RXT E et1996) (Swank
al. Subsequent error boxes determined with MIR-1996).
Kvant/TTM (1@ ; et al. and Granat/SIGMABorozdin 1996)
(3@ ; et al. are consistent with the D1@ RXT EBouchet 1996)
error box. The RXT E error box contains a rapidly variable
radio source (Frail et al. Optical and near-1996a, 1996b).
infrared observations initially concentrated on this radio
source et al. Lidman, & Glazebrook(Cole 1996 ; Blanco,

Berk et al. & Irwin1996 ; Vanden 1996 ; Z0 ytkow 1996 ;
et al. The Advanced Satellite for Cosmol-Augusteijn 1996a).

ogy and Astrophysics (ASCA) D1@ error box et al.(Dotani
overlaps the RXT E error box but excludes the VLA1996b)

source.
We report here on a ROSAT observation of GRO

J1744[28 that provided a position of sufficient accuracy
(D10A) to allow meaningful searches for a stellar counter-
part (see also et al. Augusteijn et al.Kouveliotou 1996c ;

This position is just outside the RXT E error1996b, 1996c).
box et al. but is consistent with the ASCA(Swank 1996)
error box et al. the VLA source is located(Dotani 1996b) ;
about from the ROSAT source. We obtained K-band1@.5
images at ESO and the US Naval Observatory (USNO),

1013



1014 AUGUSTEIJN ET AL. Vol. 486

Flagsta† Station, in which we Ðnd a possible counterpart of
GRO J1744[28 ; however, we cannot exclude the possi-
bility that this object is an instrumental artifact.

2. ROSAT OBSERVATIONS

The XTE source position was observed with the ROSAT
HRI on 1996 March 14 between UT 17 :56 and UT 18 :11,
for a total of 820 s. The data were analyzed with the dedi-
cated EXSAS software package et al.(Zimmermann 1994).
Applying a maximum likelihood detection algorithm with a
likelihood threshold greater than 8 results in the detection
of one point source (at only 1@ o†-axis angle) in the total
Ðeld of view. This source is located at R.A. and17h44m33s.1
decl. [28¡44@29A (J2000), with an estimated accuracy of 10A
(radius). This estimate of the positional accuracy includes a
5A statistical error and the systematic boresight of 8A
(quadratically summed).

During the ROSAT observation, a total of 273 X-ray
photons were detected. The BATSE records show that no
bursts occurred during this period, which is consistent with
the nonvariable light curve of the X-ray source. The average
count rate of 0.33 counts s~1 corresponds to about 1 mcrab
in the 0.1È2.4 keV photon energy range. For a power-law
spectral model with a photon index given by a \ [1.22 and
an absorbing column of cm~2 etNH \ 5.1] 1022 (Dotani
al. the unabsorbed X-ray luminosity is1996a), 3 ] 1037d102ergs s~1 in the 0.1È2.4 keV range is the distance in units(d10of 10 kpc).

We have searched for X-ray pulsations (period
range \ 450È500 ms) using the phase dispersion method

None were detected, with an upper limit(Stellingwerf 1978).
to the pulsation amplitude (half peak-to-peak for a sinus-
oidal pulse) of 50%. This result is consistent with the pulsa-
tion amplitudes measured with BATSE and RXT E, which
decrease substantially toward lower photon energies

et al.(Kommers 1996).
The ROSAT source is a transient. The source position

was covered by several earlier ROSAT pointed obser-
vations of the Galactic center region with both the PSPC
and HRI and during the All-Sky Survey. The deepest avail-
able ROSAT pointing is a PSPC observation performed
1992 March 2È9, with an e†ective exposure time (including
correction for o†-axis e†ective area) of 34 ks. The (3 p)
upper limits to the count rate and X-ray Ñux (with the

above-mentioned spectral model) are 2 ] 10~4 counts s~1
and ergs s~1, respectively, i.e., a factor of 16504 ] 1033d102below the intensity observed in 1996 March.

In ROSAT observations of the galactic plane with expo-
sure times of D800 s, one typically Ðnds 1.5 X-ray sources
deg~2. Most of these (80%) are foreground (relatively
unreddened) stars. We will make the conservative estimate
that less than 50% of such stars show transient outbursts
with amplitudes of a factor of 103. We then Ðnd that the
probability of Ðnding a transient source within of the1@.5
XTE position of GRO J1744[28 is less than 10~4. We
conclude that it is highly unlikely that the ROSAT source is
not GRO J1744[28.

3. SEARCH FOR A NEAR-INFRARED COUNTERPART

On 1996 March 28, between 09 :31 and 09 :46 UT, we
obtained a deep K@-band image of a region containing the
ROSAT error box, using the 2.2 m telescope at ESO. We
used the IRAC-2B camera, with a 256] 256 pixel
NICMOS-3 HgCdTe array using lens C, which provides a
129A ] 129A Ðeld, with a pixel size of To determine0A.507.
accurately the sky brightness across the Ðeld, the obser-
vation consisted of 12 mutually shifted individual images.
The individual background-subtracted images were shifted
onto a common coordinate frame and co-added.

The resulting image of the region near the ROSAT error
box is shown in In we show the sameFigure 1b. Figure 1a
region as it appeared on another K@-band image taken by

et al. on 1996 February 8 (exposureBlanco (1996)
time\ 600 s), using the same telescope and instrument
setup. A comparison of the two images revealed a possible
counterpart of GRO J1744[28 : it is the object located 9A.5
due north of the best ROSAT position. This object, at R.A.

and decl. (epoch17h44m33s.1 ^ 0s.1 [28¡44@19A.5 ^ 1A.5
J2000), is present in the February 8 image but is absent on
March 28 et al. Within the area that is(Augusteijn 1996b).
covered by both images as shown in Figures and we1a 1b,
Ðnd no other objects that di†er by more than 0.5 mag (at
the 3 p level).

Additional K-band imaging of the error box of GRO
J1744[28 was obtained with a NICMOS-3 HgCdTe array
detector at the USNO 1.55 m telescope in Flagsta†, giving
an approximate Ðeld of view with a pixel~12@.3 ] 2@.3 0A.54

FIG. 1.È(a) Detail of a K-band image showing the 10A (radius) ROSAT error box of GRO J1744[28. This image was taken on 1996 February 8. (b) Same
as (a), but image taken on 1996 March 28. The variable object is indicated.
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TABLE 1

INFRARED OBSERVATIONS

Total Integration Seeing Completeness
UT Date Number of Time FWHM Limit K(exp)

(1996) Observatory Frames (s) (arcsec) (K) (at 10 kpc)

Feb 8 . . . . . . . . ESO 10 600 1.0 16.3 16.0
Mar 2 . . . . . . . USNO 9 270 4.4 13.6 16.5
Mar 3 . . . . . . . USNO 9 270 3.5 13.9 16.6
Mar 7 . . . . . . . USNO 9 270 4.6 13.6 16.6
Mar 8 . . . . . . . USNO 9 270 3.8 14.5 16.5
Mar 28 . . . . . . ESO 12 600 1.1 16.0 16.9
Apr 1 . . . . . . . . USNO 4 120 3.2 14.7 16.9
Apr 2 . . . . . . . . USNO 15 450 4.2 13.6 16.9

scale. Six nights of observations were obtained (see Table 1).
The four observations in early March were centered on the
VLA source, while the two in early April were centered
between the VLA and ROSAT positions. Fortunately, most
of the early March pointings and all of the later pointings
covered the ROSAT source. On each night, numerous
slightly dithered frames of 30 s exposure time were obtained
over a range of transparency conditions and relatively poor
and variable seeing due to the large zenith distance from
Flagsta†. These frames were Ñat-Ðelded and sky subtracted,
and the best of these were coregistered to form a master
frame for each night, producing a total on-target integra-
tion time of 120È450 s. There were approximately 800
K-band sources detected in these frames for which
DAOPHOT proÐle-Ðtting photometry was obtained. On
the basis of their normalized instrumental magnitudes, none
of these sources were found to be variable. The K-band
object seen in the ESO image was not detected in any of the
USNO images.

Using the K magnitudes provided for three stars in the
Ðeld by et al. we estimated the completenessBlanco (1996),
limit to vary between 13.6 and 16.6, being highly dependent
on the transparency and seeing conditions (the magnitude
at which the photometric accuracy for a detected star of 0.3
mag is D1.2 mag deeper).

A detailed analysis of the 10 subimages of which the Feb-
ruary 8 ESO image is composed shows that the object is
outside the frame of the detector in three of these and is
present in only two of the remaining seven images

et al. see Fig. 5 in et al. We(Augusteijn 1996c ; Cole 1997).
estimate that the K magnitude of this object during the two
detections is D14.5 ; the Ðve nondetections correspond to
K [ 16.5.

At the time this frame was taken, no bursts were detected
with the gamma-ray burst detector aboard the Ulysses
spacecraft. Since the data during this time were clean and
complete, and since the Ulysses spacecraft is not subject to
Earth occultation, we conclude that no intense burst was
emitted at this time. Unfortunately, GRO J1744[28, as
seen from BATSE, was occulted by the Earth throughout
the exposure.

The greater than 2 mag infrared brightness variations on
a timescale of minutes without correlated X-ray variability
raise the possibility that the images are an instrumental
e†ect. The variable object produces signals in several pixels
and has a point-spread function that is consistent with that
of constant stars in the frame. However, because of the
relatively large pixel size, the stellar images are under-
sampled and the proÐle for individual objects is poorly
deÐned. The di†erence between the proÐle of a true star

and, e.g., a cosmic event (which can a†ect more than one
pixel) is, therefore, not very distinct. Furthermore, in both
cases in which the object was detected, the center of the
source as deÐned from point-spread function Ðtting was
within 1 pixel of the upper edge of the array, and in neither
case can the proÐle for the source be fully deÐned. We have
carefully checked for any other starlike objects that do not
appear in all images by blinking the individual images.
Apart from obvious variations due to bad pixels, we found
two cases in which an object appeared in only one image
while the position was in the Ðeld of view of, in one case,
seven and, in the other case, 10 images (see Figs. and In2 3).
both cases the objects appeared at the edge of the image,
covered several pixels, and had proÐles indistinguishable
from that of a star. In one case we also found an ellipse-
shaped object covering several pixels that was seen in three
consecutive images while it was in the Ðeld of view of all
images (see In one of these three images, the centerFig. 4).
of the object had moved by D1È2 pixels, though still over-
lapping the area that was covered by the object in the other
two images. The integrated brightness of this object is
similar to that of the proposed counterpart.

The fact that the source is consistent with being a stellar
point-spread function and was detected at di†erent posi-
tions on the array but at the same position on the sky
makes it hard to reject the reality of the variable object out
of hand. However, given the reasons outlined above, we feel
it is impossible to rule out the possibility that the two detec-
tions are caused by some instrumental e†ect. Note that on
the basis of an analysis of the same 1996 February 8 frame,

et al. arrive at a di†erent conclusion.Cole (1997)

4. DISCUSSION

Our ROSAT observation has led to the detection of a
transient X-ray source in the ASCA error box of GRO
J1744[28, with a 10A positional accuracy ; the probability
that it is not GRO J1744[28 is very small.

We have obtained K-band images during eight nights
over the period 1996 February 8ÈApril 2. Our February 8
image reveals a possible infrared counterpart near the edge
of the ROSAT error box. However, the results presented in

show that if this object is not an instrumental artifact, its° 3
properties are very unusual. Its K-band Ñux then changed
by a factor of D10 on a timescale of minutes, while no
sudden X-ray enhancement was detected. This is hard to
understand since reprocessing of X-rays in an accretion disk
dominates the low-energy emission of LMXBs. According
to the results of Paradijs & McClintock anvan (1994),
X-ray Ñux increase of a factor of D102 should have accom-
panied the brief K-band Ñux increases, which is in disagree-



FIG. 2.ÈCollection of (parts of ) the 10 exposures of which the 1996
February 8 image is composed, ordered chronologically downward from
the top left and continuing from the top right. An object appears near the
edge of the 10th frame but not in the other frames. The 10 frames are
centered on this variable object at R.A. and decl.17h44m37s.8 [28¡45@11A.7.

FIG. 3.ÈAs in but centered on R.A. and decl.Fig. 2, 17h44m38s.7
An object appears near the edge of the eighth frame but not[28¡45@08A.7.

in the other frames.
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FIG. 4.ÈAs in but centered on R.A. and decl.Fig. 2, 17h44m34A.3
Near the center of the seventh, eighth, and ninth frames, an[28¡46@11s.0.

ellipse-shaped object is seen that is not detected in the other frames.

ment with the Ulysses data. One would require a
nonthermal mechanism to produce the brief K-band Ñares.
Nonthermal processes have also been invoked to explain
radio bursts et al. Calla, Barathy, & Snagal(Calla 1979 ;

and infrared bursts et al.1980a, 1980b) (Kulkarni 1979 ;
et al. reported from the Rapid Burster (seeJones 1980)
et al. for a comparison of this source and GROLewin 1996

J1744[28). et al. discussed extensiveLawrence (1983)
X-ray, radio, and infrared observations of the Rapid Burster
made in 1979 and 1980, during which neither radio nor
infrared bursts were detected ; they concluded that it is
unlikely that the radio bursts reported for the Rapid
Burster were real, and that the reported infrared bursts were
difficult to reconcile with the many null results during the
1979 and 1980 campaigns.

The nondetection of persistent K-band emission from
GRO J1744[28 is consistent with what one expects for
X-ray reprocessing in LMXBs. We will illustrate this in
detail for the February 8 results. With the relation between

and interstellar extinction & SchmittNH A
V

(Predehl 1995)
and a ratio & Lebofsky theA

K
/A

V
\ 0.112 (Rieke 1985),

observed column density of 5.1] 1022 cm~2 corresponds
to a K-band extinction of 3.1 mag. Since the accretion disk
in GRO J1744[28 is likely to be quite hot (i.e., T [ 104 K
over most of the disk surface ; see Paradijs & McClin-van
tock we will take for its color index a value1995), (V [K)0,corresponding to those of hot stars : (V [K)0\ [0.9
(Johnson 1966).

The absolute visual magnitudes of LMXBs with known
distances and orbital periods are well represented by the
relation (^0.24)[ 2.27 (^0.32) log &, whereM

V
\ 1.57

hr)2@3 and c is the observed X-ray luminosity&\ c1@2(Porb/1in units of the Eddington limit for a 1.4 neutron starM
_Paradijs & McClintock On February 9, the per-(van 1994).

sistent 2È60 keV Ñux measured with RXT E was 9.5] 10~8
ergs cm~2 s~1, which corresponds to With thec\ 5.6d102 .
orbital period of 11.8 days (Finger et al. the1996b, 1996c)
expected absolute visual magnitude, then becomesM

V
(exp),

log we then Ðnd the followingM
V
(exp)\[3.0[ 2.27 d10 ;

for the expected K magnitude on 1996 February 8 :
K(exp)\ 16.0] 2.73 log d10.

Similarly, we have estimated K(exp) for all days of our
observations (see using the BATSE hard X-rayTable 1)
light curve of GRO J1744[28 (C. Wilson 1996, private
communication), assuming that its X-ray spectrum did not
change (see et al.Briggs 1997).

Since GRO J1744[28 is located within a degree of the
Galactic center, and its column density is very high, its
distance is likely not much smaller than that of the Galactic
center (7.5 kpc). Given the ^1 mag dispersion of individual
sources around the average relation found by Paradijsvan
& McClintock we conclude from that the(1994), Table 1
expected K magnitudes of GRO J1744[28 are consistent
with the observed upper limits.
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