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ABSTRACT

We report the discovery of several optical burstlike events from the low-mass X-ray binary MS 1@88®

(UW CrB). The events last for a few tens of seconds, exhibit a very fast rise and slow decay, and involve optical
brightening of a factor of 2—3. The flares appear distinct from the lower level flickering and instead strongly
resemble reprocessed type | X-ray bursts as seen in a number of other neutron star low-mass X-ray binaries. In
conjunction with the previously reported candidate X-ray burst, these confirm that the compact object in UW
CrB is a neutron star. We examine the optical burst brightness and recurrence times and discuss how the nature
of the system can be constrained. We conclude that the source is most likely an accretion disk corona source at
an intermediate distance, rather than a nearby quiescent system or very distant dipper.

Subject headings: accretion, accretion disks — binaries: close — binaries: eclipsing —
stars: individual (UW Coronae Borealis) — X-rays: binaries — X-rays: bursts

1. INTRODUCTION will be sensitive to the chemical composition of the accreted
. . material.

_The X-ray source MS 1603462600 was discovered in the To date, the only published X-ray burst from this source was
Einstein Extended Medium Sensitivity Survey (Gioia et al. ya¢ reported by Mukai et al. (2001), and this yielded only 60
1990) and associated with a faift & 19.4 ) optical counter- ¢ nts. It is possible to also search for bursts in the optical, as
part designated UW CrB (Morris et al. 1990). Its nature has {ne gpical counterpart, while faint, is accessible to rapid pho-
remained a puzzle. Morris et al. (1990) found the counterpart (o metry. Type | X-ray bursts are expected to be manifested in
to be an eclipsing binary with an orbital period of 111.04 he gptical via reprocessed X-ray emission. This behavior has
minutes and considered the source to be either a cataclysmiggeap widely seen in many other LMXBs for several decades
variable or a low-mass X-ray binary (LMXB) hosting a neutron (g 4. Grindlay et al. 1978 and many subsequent works). Optical

star. The emission—.line spectrum and optical—to_—X—riay fluxratio jyrsts are dramatic, involving a brightening of a factor@f
favored the LMXB interpretation, with an accretion disk corona jiraviolet bursts are also present and are even more dramatic

(ADC) source most likely. The implied distance was large, 30— (R. I. Hynes et al. 2004, in preparation).

80 kpc, making this.high-latitude source a halo object. Hakala = \ye report here rapid optical photometry of UW CrB. The
et al. (1998) reconsidered these possibilities and proposed aNprimary goal of the program was to resolve the flickering con-
other alternative—a quiescent LMXB, likely a black hole sys- tamination of the orbital variability, and this study will be
tem, which is much closer to us. An important clue was sub- yresented separately. However, several optical bursts were ser-

sequently provided by Mukai et al. (2001), who identified a engipitously discovered, and we discuss those here.
strong X-ray flare inASCA data. While this appeared to re-

semble a type | X-ray burst, the authors did not consider this
identification conclusive. If the event was a type | burst then
it was faint, indicating either a very distant object in the halo  Uw CrB was observed over several nights from 2004 April
or an ADC source. On the basis of the X-ray light curve, Mukai 16 to April 26 using the Argos fast CCD camera (Nather &
etal. (2001) favored the former of these interpretations, arguing Mukadam 2004) on the McDonald Observatory 2.1 m telescope.
that the source is a dipper rather than an ADC source. Finally, A total of 25 hr of good data were obtained:; details are provided
Jonker et al. (2003) reported nédhandra observations of the  in Table 1. Observations were obtained with a broadt2vig
source and favored the ADC interpretation, although they al- filter (Rolyn Optics 66.2475, bandpas4000—75003 ) to max-
lowed that a quiescent system was still possible if the earlier imize count rates and hence allow exposure times of 5 or 10 s.
X-ray flare was not a type | burst. They rejected the distant The data were taken as a continuous sequence of images with
dipper scenario, arguing that the optical luminosity would then negligible intervening dead time. Conditions were mostly near-
be too high for a compact 2 hr binary. photometric with 1-2’ seeing and no Moon. The nights of April
From a more theoretical standpoint, Ergma & Vilhu (1993) 18, 20, and 26 experienced poorer transparency and/or seeing.
considered several evolutionary scenarios for the LMXB case, Data reduction employed a combination of IRA®utines
including degenerate and nondegenerate hydrogen-rich masgo generate calibration files and then a custom IDL pipeline to
donors and evolved helium stars. Again, bursts could be aapply calibrations and extract photometry. Bias structure and
crucial diagnostic. The presence, recurrence time, and duratiordark current were subtracted using many dark exposures of the
of bursts can discriminate between systems with different masssame duration as the object frames. Residual time-dependent
transfer rates (e.g., the degenerate and nondegenerate caspks variations were removed using two partial bad columns
discussed by Ergma & Vilhu 1993), and the burst properties that are not light sensitive. Sensitivity variations were removed

2. OBSERVATIONS

! This Letter includes data taken at McDonald Observatory of the University ~ * IRAF is distributed by the National Optical Astronomy Observatories, which
of Texas at Austin. are operated by the Association of Universities for Research in Astronomy, Inc.,
2 Hubble Fellow. under cooperative agreement with the National Science Foundation.
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TABLE 1
LoG OF OBSERVATIONS 1.5 F Event 1 3
Date Good Timé Exposure Time 1.0 _ _
(2004) UT Range (ks) (s) Bursts TE ]
Apr 16 ...... 08:04:21-11:43:11 11.4 10 1 0.5F E
Apr 18 ...... 10:14:53-11:29:03 4.1 10 0 0.0 E 3
Apr 20 ...... 06:28:40-11:25:55 5.8 10 0 TR .
Apr21...... 08:01:05-11:37:65 13.0 10 1 1.5F 3
Apr22 ...... 07:39:13-11:26:33 13.6 5 1 E ]
Apr 23 ...... 05:43:09-11:31:19 20.9 5 1 1.0F =
Apr25...... 09:20:34-11:40:34 8.0 5 0 E E
Apr26 ...... 05:35:11-06:58:11 4.8 5 0 0.5F E
06:58:26-10:45:36 9% 10 0 0.0k ]
2 Total period when reliable differential photometry could be obtained, not § E . Event 3 1
always uninterrupted. :'_ 1.5 E : E
® These long runs occurred in very poor conditions, and limited interrupted ¢ 1.0 F 1
good intervals occurred; some bursts may have been missed. 2 F : ]
g 05f ;
using flat-field exposures of the inside of the dome; we verified & b . I 3
that this flattened the average sky background and hence that & . ! ]
no illumination correction was necessary. 1.5¢ E
Photometry was extracted using standard aperture photom-  ; g : 3
etry techniques. For each light curve, the aperture was chosen £ : ]
to minimize the scatter between stars C and V of Hakala etal. ~ 0-5F E
0.0F o i SR ]
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIII 1.55_ EVenfs _E
I 1 ] 1.0F 3
8l | 0.5 E_ —E
0.0F 3
r April 16 5
—-40 -20 0 20 40 60 80 100
_________________ - Elapsed time (seconds)
L J Fic. 2.—Expanded view of each candidate type | burst. Histograms indicate
3 the data with statistical error bars. The dotted line is an exponential decay fit
6 _ to each burst. As in Fig. 1, fluxes are relative to the source mean brightness

and so can be directly compared. The persistent level has been subtracted off

April 21 using fluxes immediately before and after each burst.

(1998), and differential photometry of UW CrB was then per-

i 4 | formed relative to star C. Adopted apertures were typically
1.0'-1.5' in radius.

3. LIGHT CURVES

Relative BVR flux + offset

We show the light curves containing bursts in Figure 1. These
exhibit a typical range of morphologies for this source (Hakala
et al. 1998), with eclipses sometimes being very deep and
5 sometimes barely detectable. Superposed on the orbital mod-
ulations and low-level flickering are several very sharp large-
amplitude burstlike events, involving a flux increase of a factor
of 2—3. We discuss their origin in § 4, but here we anticipate
the conclusion by characterizing them in the same terms com-
monly used for type | X-ray bursts.

The events appear to be real, being resolved in time and
exhibiting no anomalies in the point-spread function (PSF).
Event 2 is of lower brightness than the others but also appears
resolved in time and has a normal PSF.

To characterize the bursts we fit a simple model consisting

Fic. 1.—Selected light curves of UW CrB. Only those exhibiting bursts are of an .|nstantaneous. rise and eXponent_|aI d_ecay' As the burst
shown. All light curves have been normalized relative to the mean flux level peak is unresolved in the data, we rebin this model to match
observed during the run. Offsets have been applied to avoid overlap; dashedthe data in fitting. Free parameters are the burst amplitude, start
e e e Pt 1 i ene s i, o me: ande-folding decay tme. Expander views o each burs
ng attempgt] has been made to apbsolutely phage thepm. Here 5 g light c’:urve re shown in F|gure_ 2 to_gether with the beSt-fltFmg models.
have been rebinned to 10 s resolution for clarity and consistency. Numbers R€SUlts are summarized in Table 2, based on fitting data from
indicate bursts. —20 to +60 s. We quote the relative fluence, expressed as

0 IlllllllllllIl|IIIIIIIIIIIIIIlIIII|IIIIIIlIIIlllllllllllllllllII|IIII

-2 -1 0 1 2 3 4
Elapsed time (hours)
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TABLE 2 implied duration ofr ~ 10—-20 s, the fast rise and slow decay,
PROPERTIES OF BURST FITS and optical brightening of a factor e6f2-3 are all similar to
RELATIVE DURATION reprocessed optical bursts seen in other objects (e.g., Grindlay
FLUENCE?® (s) etal. 1978; Schoembs & Zoeschinger 1990; Robinson & Young

1997; Homer et al. 1998; and other works). The burst fre-

Burst Model Observed Modeél Observed .
guency, one per6.3 hr, is also normal.

o 8'2% g-ig 1;-2 %g'g Event 2 breaks the pattern of otherwise uniform burst fluences

2 in 1.09 15.0 253 but has a similar duration to the other events. It is also the only

4. 0.90 0.92 10.7 18.2 burst seen in the same light curve as another, suggesting that it

5. 1.08 1.06 12.1 17.2 could be a miniburst produced when the first burst (event 1)
a Relative to the mean of bursts 2, 4, 5, and 6. leaves unspent fuel on the neutron star surface. Such behavior
® For the exponential decay model, the duration is is seen in other LMXBs (e.g., Gottwald et al. 1986).

equal to thee-folding time. The uniformity of fluences also presents suggestive, if not

conclusive, evidence for the location of reprocessing of the
individual burst fluence values divided by the mean fluence of pyrsts. Since UW CrB is a high-inclination system, if the burst
bursts 1, 3, 4, and 5, and the burst durationdefined by van  reprocessing were dominated by the inner face of the com-
Paradijs et al. (1988) as the burst fluence divided by the peakpanion star, we would expect large changes in the brightness
flux. The latter is obviously crudely constrained as the peaks of optical bursts dependent on orbital phase. In particular, event
are not actually resolved. For both quantities we quote both 3 occurs near phase 0.5 when the inner face of the companion
values from the model fit and those derived directly from the s viewed nearly face-on; hence it should be stronger than the
data. The relative fluences derived are similar with both meth- other bursts that all appear to occur in edipse ingress or egress.

ods. The durations differ significantly, however. Durations de- This is not seen, indicating that the burst reprocessing is prob-
rived from the data probably overestimate the burst duration, ably dominated by the disk.

as the burst peak is unresolved and hence the peak flux will

be underestimated. In contrast, the model assumes a sharper 4.2. Optical Flares in Quiescent Systems

peak than is seen in type | bursts, so will underestimate the i
duration compared to such bursts. Hence the two values ob- Hakala et al. (1998) suggested that UW CrB might be a
tained for each burst should bracket its true duration. Given quiescent LMXB, possibly harboring a black hole. In this case

that we do not resolve the peak, this is probably the best es-21 alternative flaring mechanism is needed. Quiescent LMXBs
timate that can be made. containing both black holes and neutron stars do undergo rel-

The bursts are, with the exception of the weak event 2, very &tively rapid optical flaring (e.g., Zurita et al. 2003; Hynes et
uniform in properties. The burst fluence is constant to within &/- 2003), and this behavior was already considered by Jonker
10%, and burst durations (including event 2) are all consistent&t &l- (2003) as a possible explanation for the X-ray flare of
with a value of 5-15 s if measured from the model (probably Mukai et al. (2001)._ I.ndeed, the black hole candldate. XTE
an underestimate), or 15-30 s from the unresolved data (ar’1650-500 has exhibitedonthermal X-ray flares otherwise

overestimate). “True” values of the burst duration (in the sense V€rY similar to type | bursts in a low state (Tomsick et al.
of van Paradijs et al. 1988) are likely to be in the 10-20 s 2003). In the case of A062000 at least, the optical events

range for these bursts (for example, events 4 and 5, which areéfan be relatively rapid, occurring on timespales comparable to
better resolved). those seen here (Hynes et al. 2003). While the observed am-

Burst recurrence times can be crudely estimated from thePlitudes are much smaller, that is probably a consequence of
data, although they are subject to small number statistics anddilution of the accretion light by the companion star, and the
sampling problems. We observed four full bursts in 90.6 ks undiluted disk light could undergo variations of a factor of 2
(25.2 hr) of good data, or an average of 1 per 6.3 hr. If the OF more. In spite of these S|m|Ia(|t|es, the light curves shown
bursts occur randomly (i.e., as Poisson distributed events), ther Figure 1 appear completely different to those of quiescent
recurrence times of between 3.8 and 11 hr have a 10% or greatepMXBS. The burstlike events that we see are single discrete
chance of producing four events in this period (i.e., longer or €V€Nts and do not appear to belong to the general range of
shorter recurrence times would be excluded at 90% confidence)flickering behavior. The similarity of burst fluences is also
Of course, if the events are type | X-ray bursts then they are rather unlike the kind of stochastu_: events seen in quiescent
not distributed as Poisson events but occur quasi-regularly. In-MXBS to date. We therefore consider this explanation of the
that case, the statistics could be biased by our once-per-daypursts to be very unlikely and the type | burst interpretation
sampling. More robust constraints are that the longest periodf@ more plausible.
continuously observed without a burst being seen is 3.5 hr, and
the shortest period betweetserved bursts is 21.1 hr. Both 4.3. The Nature of UW CrB
arguments suggest that an average recurrence time of much Now that we have seen both an X-ray burstlike event (Mukai
less than 4 hr is very unlikely. Recurrence times of up to et al. 2001) and multiple optical events, it is hard to escape
~12 hr are possible, or around 24 hr if they were synchronized the conclusion that UW CrB is an X-ray burster. This imme-
with our observations, and irregular enough to allow intervals diately rules out white dwarf and black hole models for the
as short as 21.1 hr. system; the compact object is a neutron star. The burst prop-

erties and recurrence time further constrain the accretion rate.

4. DISCUSSION The short burst recurrence time rules out a quiescent system.

Such systems can exhibit type | bursts, but the recurrence time
is estimated to be 10-60 yr or even more (Cornelisse et al.

It has already been suggested by Mukai et al. (2001) that a2002), a direct consequence of the very low accretion rate onto
type | X-ray burst was seen BASCA. The optical events that  the neutron star.
we see also exhibit characteristics typical of type | bursts. The The probable 4-12 hr recurrence time and 10-20 s burst

4.1. Comparison with Type | Bursts
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duration are both typical of intermediate-luminosity bursting would expect a comparably nearby distance for UW CrB. This
LMXBs (van Paradijs et al. 1988; Strohmayer & Bildsten 2004) contradicts the extreme distances inferred for the dipper sce-
and suggest that UW CrB is not accreting at an unusually low nario (e.g., 75 kpc; Mukai et al. 2001) and instead favors the
rate; hence its low X-ray brightness must indicate either ex- ADC model. Note that this argument is essentially similar to
treme distance or an ADC source as discussed in § 1. In conthat made by Jonker et al. (2003) but complements it, as we
trast, for example, Agl X-1 was observed to exhibit optical have used the optical burst brightness rather than the persistent
bursts lasting over a minute and recurring once per hour (Rob-level. The argument is approximate and model dependent but
inson & Young 1997). Both short recurrence times and long is sufficient to indicate that UW CrB should not be 10 times
bursts are believed to be often associated with low accretionfarther away than GS 182&4, as has been previously
rates (Strohmayer & Bildsten 2004) yet are not seen in UW suggested.
CrB.

It is also of value to compare our observations with those 5. CONCLUSIONS
of GS 1826-24 (Homer et al. 1998). Both GS 182@4 and ] ]
UW CrB are neutron star LMXBs having orbital periods of ~ We have reported the discovery of several resolved optical
~2 hr; thus the sizes of the two systems should be very similar, bursts from UW CrB. These are almost certainly reprocessed type
If we assume that the intrinsic optical burst luminosity is simply | X-ray bursts, clarifying several characteristics of the source.
a function of the X-ray burst strength and reprocessing disk (1) For type I bursts, the compact object must be a neutron star
area (and hence orbital period), then we might expect similar rather than a black hole or white dwarf. (2) The burst rate is
luminosity reprocessed bursts in the two systems, assuming€latively high, indicating an active rather than quiescent system
that X-ray bursts have comparable peak luminosities and sim-and thus a distance greater than a few kiloparsecs. (3) The optical
ilar disk geometries. GS 18284 is a low-inclination system,  burst flux is comparable to the similar source GS 1828, sug-
however, whereas UW CrB is eclipsing and hence high incli- 9esting a comparable distance1(0 kpc). It is thus most likely
nation. In a high-inclination system we see less projected diskthat UW CrB is an ADC source (as also argued by Jonker et al.
area, so if reprocessing is dominated by the disk (as suggeste@003) rather than a distant dipper. Given its high Galactic latitude
by the |ack Of phase dependence in the 0ptica| burst ﬂuences),a.nd |nt.ermed|ate d|Stance, hOWeVer, it must still be situated in the
then we would expect to observe weaker optical bursts at aGalactic halo.
given distance. This is not the case, however; both UW CrB
and GS 182624 are of comparable optical brightness and R. I. H. is supported by NASA through Hubble Fellowship
exhibit optical bursts rising to a pealkk x the persistent op-  grant HF-01150.01-A awarded by the Space Telescope Science
tical level, indicating that the observed optical burst flux is Institute, which is operated by the Association of Universities
actually comparable in the two systems. This would imply, for Research in Astronomy, Inc., for NASA, under contract
subject to the assumptions made, that UW CrB is somewhatNAS 5-26555. We are indebted to Ed Nather and Anjum Mu-
closer than GS 182624, or at least not much farther away. kadam for making Argos available to the McDonald commu-

The distance to GS 18284 is estimated at less than =5 nity and providing considerable assistance in its use, and we
0.5 kpc by Kong et al. (2000), so unless bursts in UW CrB are also grateful to Brad Schaefer for discussions and construc-
are substantially more luminous than in GS 1828 or re- tive skepticism on the first of the bursts. This work has made
processing into optical emission is much more efficient, we use of NASA ADS.
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