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ABSTRACT

We report on X-ray observations made with Bessi X-ray Timing Exploresf the black hole candidate (BHC)
transient XTE J1650-500 at the end of its first, and curremtlly, outburst. By monitoring the source at low
luminosities over several months, we found 6 brigtit0O0 s X-ray flares and long time scale oscillations of the
X-ray flux. The oscillations are aperiodic with a charadeitime scale of 14.2 days and an order of magnitude
variation in the 2.8-20 keV flux. The oscillations may be tethto optical “mini-outbursts” that have been
observed at the ends of outbursts for other short orbitab@d8HC transients. The X-ray flares have durations
between 62 and 215 s and peak fluxes that are 5-24 times higdnethe persistent flux. The flares have non-
thermal energy spectra and occur when the persistent lityrie near 3x 10°%(d /4 kpcy erg s* (2.8-20 keV).
The rise time for the brightest flare demonstrates that pghysiodels for BHC systems must be able to account
for the situation where the X-ray flux increases by a factarmfo 24 on a time scale of seconds. We discuss the
flares in the context of observations and theory of Galadid€B and compare the flares to those detected from
Sgr A*, the super-massive black hole at the Galactic cehér.also compare the flares to X-ray bursts that are
seen in neutron star systems. While some of the flare ligvtesuare similar to those of neutron star bursts, the
flares have non-thermal energy spectra in contrast to tlokldaly spectra exhibited in bursts. This indicates that
X-ray bursts should not be taken as evidence that a givearsysbntains a neutron star unless the presence of a
blackbody component in the burst spectrum can be demoedtrat

Subject headingsaccretion, accretion disks — black hole physics: generatarssindividual
(XTE J1650-500) — stars: black holes — X-rays: stars

1. INTRODUCTION for hard X-ray production and a different accretion geomistr
that the hard X-ray emission is due to a large number of discre

X-ray transients provide an opportunity to study accreting regions above the accretion disk where magnetic recoramecti
compact objects over a large range of luminosities and mass 9 9

accretion rates. Until recently, most observations of blzale events occurl(Galeev. Rosner & Vajaha, 1979). While both of

candidate (BHC) X-ray transients occurred when the sourcesgﬁéipgz.st'r?g'rt'efod%secsr'gecgtgsl'gfg prgferzsgfg;?:g?gH Cs
were at very high luminosity 10% erg s*) or very low lumi- el provi piete pictu ng

. L as radio observations in the hard state indicate the presdrc
nosity (< 102 erg s?), and much less observing time was de- P

. ] L =" powerful compact jel (Fender, 2001). The compact jet has als
voted to mterm_edlate Iumlnosmes (see Chen, Sh(ader 80L|\( been suggested as a possible contributor to the X-ray emissi
1997 for a review of observations of X-ray transients). This i jnverse Comptonization or possibly a synchrotron mecha
situation has improved somewhat through observations with nism fMarkoff. Falcke & Fender 2001 Markoft ef 4l 2003).

the Rossi X-ray Timing Explore(Bradt, Rothschild & Swank, The BHC transient XTE J1650-500 was discovered in 2001
1993) and also with imaging X-ray observatories. Over the gentemper when it was detected in the X-ray band in out-
past few years, we have been observing BHC transients dur, st by theRXTEAII-Sky Monitor (ASM, [Remillard,[20011).
ing outburst decay witRXTE theChandra X-ray Observatory  pgintedRXTE observations indicated X-ray spectral and tim-

(Weis_skopf et all, 20()2),. and also in the ra(?iio ban.d (see, e.g ing properties typical of black hole systems: No X-ray pul-
Tomsick & Kaaret 2000; Corbel et al. 2001; Tomsick, Corbel g4iions were detected; the energy spectrum was consistent

& Kaaret 2001; Kalemci 2002). One motivation for these ob- ith 5 combination of a soft component, likely from the ac-
servations is performing detailed studies of the transgtibe- cretion disk, and a power-law component; and band-limited

tween the high-soft (or soft) and low-hard (or hard) spéctra ngise and quasi-periodic oscillations (QPOs) were observe
states|(van der Klis, 1995) where significant changes in the X (viarkwardt, Swank & Smilhi. 2001L; Revnivisev & Sunyldev, 2001
ray spectral and timing properties occur. While these tt@ms  \yiinands. Miller & Lewin,[20011). XTE J1650—-500 was identi-
typically occur at luminosities of about ¥0erg s* (Nowak,  fieq in the opticall(Castro-Tirado efldl., 2001) and also dta
1995), our observing program is designed to extend to much (a0t Tingay, Udalski & Millér [ 2001), but the radio soerc
lower luminosities as we have recognized that new phenomeng, o not resolved. XTE J1650—500 was observed in the X-ray
associated with intermediate accretion rates may be foynd b 59 withXMM-NewtorandChandraduring its outburst. The
observing in this rather poorly studied luminosity regime. XMM-Newtonspectrum represents one of the best examples of

_Inthe hard state for BHCs, it is likely that the X-ray emis- 5 smeared and gravitationally red-shifted irom &mission line
sion is due to inverse Comptonization of soft photons by-ener hat has been detected for a stellar mass BHC (Millerlet al.,

getic electrons, but there is uncertainty about the sys@omg 5002, More recently, Homan eflal. (2003) reported the detec
etry and the mechanism for transferring energy to the eastr 5, by RXTEof a 250 Hz QPO making XTE J1650-500 the
One possibility is that the inner edge of the accretion desk r  gixth BHC where high frequen(':)b(élo Hz) QPOs have been
cedes from the compact object in the hard state, leaving,a hot yetected. Finally, optical observations near quiescertiedte

quasi-spherical, optically thin region in the inner pontif the 5 pinary orbital period of 5.1 hr and an optical mass funatibn
accretion disk. Another possibility that implies a diffetaite

1



2

0.6440.03 M, (Sanchez-Fernandez et al., 2002). The value
for the mass function is relatively low for a black hole sys-
tem and could indicate that the system contains a relatigely
mass black hole, has a low binary inclinatior:(40°), or both.
During the 2001 X-ray outburst from XTE J1650-500, the
source underwent dramatic changes in its X-ray spectral and
timing properties. Generally, the changes were not undsual
BHC X-ray transients. The source started off in a hard state,
with a hard energy spectrum and a high level of timing noise, e S
made a transition to a soft spectral state, and then madesa-tra T
tion back to the hard state (Kalemci el al., 2003; Homanlet al. 300 350 400 450
2003). Here, we focus oRXTEobservations that were made MJD-52000 (days)
well after the state transition when the source flux was betwe
10 and 100 times below the transition level. In §2, we describ
the observations and our analysis of the data. We present the
results of the analysis in §3. The results include the discov
ery of X-ray oscillations and flares, and we previously régadr
the oscillations in an 1AU Circulal_(Tomsick etiél., 2002).eW
discuss the results in 84 and summarize our conclusions.in 85
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2. OBSERVATIONS AND ANALYSIS

We obtained 9RXTEmonitoring observations of XTE J1650— i ‘ ‘ ‘ 1
500 covering the end of its 2001-2002 outburst. These “Tar- 0.05 010 0.15 0.20
get of Opportunity” observations started on 2001 November 5 Frequency (dayy
(MJD 52,218) and were triggered by the gradual drop in the
X-ray flux that was observed by tiRXTEASM. Of the 97 ob- Jfggb 15-0—0 (a)tghetZ-ST-ﬁO keV 'tDCAt |i9h§hCUfg/e it the edﬂd of th? 20|0EXT

: H He — outourst. € count rate IS the pbackgroun Sbdal op-layer
_serva'uonsz 15 occurred prior to a 28 da.)I. gap Ca‘.‘sed by point rate for PCU 2. The diamonds mark observations during whiglayXflares
ing restrictions related to the source position relativéheosun. occurred, and the squares mark the observations wheretairealiChandra
Kalemci et al.|(2003) report on timing analysis of these gag- data were obtained. The rates shown include the counts frert-ray flares.
observations, during which the 2.8-20 keV source rate was be IT_hﬁta"OWS anﬁ spaced by 1|:1-2thday5- (tb) _ThilLorTgb pelr(iqdotglé}%tgé PCA

H H [ Ignt curve. € arrow marks the most signiticant peak Iin ogram,

tween 69 and 165 bper PCU (ProportonalCounter Unt) It e a4, ks v
the 82 post-gafRXTEobservations that were made over a pe-
riod of 182 days between 2001 December 22 and 2002 June 22from XTE J1650-500, and the measured flux levels are consis-

Immediately after the gap, the source rate had dropped t021s  tent with the expected level from the Galactic ridge emissio
and for the remaining observations, the source rates avérag (valinia & Marshall, 1998) in the PCA field of view for XTE
over the duration of each observation are shown in Figlre 1a.31650-500. Finally, we note that for some of the results de-
The RXTEobservations occurred approximately every 2 days scribed below, we used a second data mode with/i26me

with the exception of the time period between MJD 52,361 and resolution that was obtained simultaneously with the 1&g i
MJD 52,385, during which there was only 1 observation. The resolution data.

exposure times for the 82 post-gap observations were betwee  pyring 3 of the RXTE observations, we also obtained si-
384 and 3360 s with an average exposure time of 1516 s pefimyltaneous observations wi@handra(on MJD 52,298, MJD
observation. Long time scale-(4 day) and large-amplitude 52 309 and MJD 52,335), and these are indicated in Flgure 1a.
X-ray oscillations are apparent in the Figlile 1a light curve Although we leave a detailed analysis of tAeandradata to a

For the light curve shown in Figuid 1a and for much of fyture paper, we refer to these observations in §3.3 and §3.5
the work described below, we used “Standard 2" PCA (Pro-

portional Counter Array) data with 16 s time resolution and 3. RESULTS

129 energy channels. We extracted light curves and energy ; _

spectra using scripts developed at UC San Diego and the Uni- 3.1. Discovery of X-Ray Flares
versity of Tiibingen that incorporate the standard softviare Through an inspection of the 16 s 2.8-20 keV PCA light
RXTEdata reduction (FTOOLS v5.2). We used the most re- curves for XTE J1650-500, we found that bright and isolated
cent (2002 February) release of the “Faint Source” model for X-ray flares occurred during several of tRXTEobservations.
background subtraction. Obtaining the best possible back-As shown in Figuré&l2, some of these flares show count rate in-
ground subtraction is important for some aspects of thiskkwor Ccreases by more than an order of magnitude over the petsisten
because of the low source count rate. To achieve this, we usedlux and durations near 100 s. Even though these flares are dra-
Standard 2 data from the top anode layer only and excludedmatic bursts of X-ray emission, significant variability ipent
data from PCU 0, which has a higher background level due to in many of the other 16 s light curves. Thus, to ensure that
the loss of its propane layer The light curve shown in Fig- ~ We find the most extreme flares, we carried out a quantitative
ure[a indicates that we obtain high quality background sub- search for flares using the 16 s light curves. First, we preduc

traction. For the final 8 observations, we detect little ofloe @ count rate histogram (i.e., the number of light curve tirims b
SSee [ hitp://lheawww.gsic.nasa.gov/users/craigm/peap-users. html I_Ir_1hvar|0us Coufnt rat% ra?gest VS. Countf.rtatteigor ee;::.hto Jﬂiamllh a it
for a detailed analysis of the background model performance €n, we perrormed a least squares Tt 1o these histograms wi

a Gaussian function. We obtained three parameters from the


http://lheawww.gsfc.nasa.gov/users/craigm/pca-bkg/bkg-users.html

fit: The Gaussian meamy{ean; the width ¢); and the ampli-
tude. For each observation, we calculaxed (r max—mean /o,
wherernax corresponds to the maximum count rate in the 16 s
light curve for that observation. Based on the number of ob-
servations and their duration, if the light curves contaityo

2.8-20 keV Rate

pure Gaussian noise, one expects approximately 1 obsmrvati sE
with x > 4 and no observations witk> 5. In fact, for XTE a . ‘ L b
J1650-500, 8 (out of 82) observations have 7, indicating 18-

the presence of a non-Gaussian component to the varialiility
should be noted that, for light curves in general, a largaesal
of x does not necessarily indicate the presence of flares because
a long-term trend could also produce a large valug. dflow-

ever, an inspection of the light curves for the 8 XTE J165@®-50 o ; ; ;
observations witkx > 7 indicates that these light curves contain 155 5 ¢
large and rapid increases in flux (i.e., flares). In this wark, 8
focus on the 5 observations that contain the most extrenesflar
with values ofx between 10 and 20.

Closer examination of the flares in the 5 observations indi-
cates that the properties of the flare that occurred durieg th
observation on 2002 January 9 (MJD 52,283) are significantly
different from those of the other flares. The Jan. 9 flare is ex-
tremely hard relative to the other flares. While the peak rate
in the 2.8-20 keV band is similar for the flares in all 5 ob-
servations, the peak 20-60 keV count rate for the Jan. 9 flare
is 184+ 1 s per PCU compared to non-detections in this en-
ergy band with upper limits of 1-2°5 per PCU for the other ° °° Time (9 1900 2000
flares. In fact, there is good evidence that the Jan. 9 flare did . 2. The 2.8-20 ke PCA light curves for the 4 observationeeh
not originate from any source within tHeXTEfield-of-view X-ray flares occurred. The time resolution is 4 s, and thet lighves are
(FOV). Based on the PCA rates observed at the peak of thebackground subtracted. To maximize the statistics, data fall PCUs that
Jan. 9 flae, a source in the FOV should have been strongly defe% 37, neidng PCU 0, and o noce yers were useqimates e
tected with a count rate of approximately 608 & HEXTE are labeled 1-6, and the flare and non-flare times used fotrapanalysis are
(High-Energy X-ray Timing Experiment), which is the hard X- marked with solid and dashed lines, respectively, belowigf curves. The
ray (20-200 keV) instrument that is co-aligned with the PCA dates of the observations are (a) MJD 52289.7, (b) MJD 52316) MJD
on-boardRXTE (Rathschild ef 41.[ 1998). We examined the °2319:1;and (d)MJD 52358.6.

HEXTE light curves for the Jan. 9 observation, and did not find
any evidence for a count rate increase.

2.8-20 keV Rate
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Th i fthe Jan. 9 fi imilar to 3 fi 1 slight curves. For each flare, we fitted the rise and decdy wit
that € propdertlest Od 'etIR?(rjl'.E g are arebvery st|_m| ar ? h ares a function consisting of an exponential plus a constant. dstm
at were daetected wi uring observations ot Oer:  -55a5 an exponential does not provide a good descriptitwe of

sourcesdin 1998. The 199d8 evgr:jts have ?eepﬁaagriblﬁtedkto Xjight curve if the peak of the flare is included, but accepedits
rays and gamma-rays produced during solar flarés chec are obtained when we include the portion of the light curve up

the hypothesis that the Jan. 9 flare has a solar origin anthihat N

otheryfﬁ)ares we gletect du_ring the_XTE 31650—_508 observat_i0nsgof%“r;oe/(;)()fvsgeofé?;?npri?jﬁ'cgg\}gﬁj;SZ l;gv\ggzﬁsoégf gr?((j: alyg A‘or
do not, we obtained publicly available X-ray light curvesiwi i 2 mean reduceg? of 1.07, typically for 110 degrees of

5 minute time resolution from one of the Geostationary Oper- graeqom. Tabl€ll gives the e-folding rise and decay times for
ational Environmental Satellites (GOES-12), which cartlee 4,56 fiares and also the flare durations. The durations are cal

Solar X-ray Imager (SXI). Very bright solar flares were dételc culated usin g -
; ; ; g the exponential fits and defining the start ®f th
with SXI at the time of the 2002 Jan. 9 flare and also atthe times ¢ .o+ pe the time when the rate rose to 20% above the con-

of the 1998 events. However, solar flares did not occur at the :
X ’ stant level and the end of the flare to be the time when the rate
times of the other XTE J1650-500 flares, and we conclude thatreached 20% above the constant level during the decay. The

the Jan. 9 flare has a solar origin, but the other flares do not. - fen ti

: : ' P , ' results indicate that the flares have rise times of 3-18 saydec
Figurel2 displays PCA light curves with 4 s time resolution fo 056 15.98's, and durations of 62-215's. For each fIar}g, Ta-
the 4 XTE J1650-500 observations (henceforth, obsenation ble[d also includes the ratio of the peak 2.8-20 keV count rate

a-d) where we detect non-solar flares. We detect 6 flares (la-, the 4 5 light curves to the non-flaring (i.e., persisteaty in

beled 1-6 in Figur&l2) in these observations and report dn the ¢ same band. The non-flaring light curve regions are marked
detailed properties below. in Figure[2. The peak rates are 5-24 times higher than the per-

3.2. Basic X-Ray Flare Properties sistent rates.

To characterize the flares, we extracted light curves for ob- 3.3. Flare and Non-Flare Energy Spectra

servations a-d with 1 s time resolution. Although PCA back- We studied the spectral properties for observations a-d, by

grounddestimattes alret.only prov(;ded tWiLh jf S timg reEc';lIutitotn producing 2.8-20 ke_\/ PCA energy spectra using data from the
We used an interpolation procedure to background subfactt - f5re and non-flare times shown in Figlile 2. We produced en-

Shttp://lIheawww.gsfc.nasa.gov/users/keith/non_coshicsts/burst_doc.html ergy spectra for each flare individually and also a combined
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spectrum with a 464 s integration time. We determined the non spectrum after subtracting the average non-flare spectrams.
flare times by inspection of the 16 s light curves and included results in a slightly lower (harder) value fbt but the change
all long, continuous segments where the count rate is velgti inT"is less than 0.1.
constant. We produced spectra for each of the 4 observations We also fitted the spectra for the individual flares and the val
and the exposure times for the non-flare spectra are givesin T ues ofl" obtained are given in Tablg 1 along with the fluences
ble[d. For spectral fitting, we used the XSPEC 11.2 software for each flare. To determine the fluences, we first summed the
package. Based on fits to PCA energy spectra from observa-total number of counts over the duration of the flare and sub-
tions of the Crab nebula that were contemporaneous with thetracted the contribution from the persistent flux. We deteed
XTE J1650-500 observations (see Tomsick, Corbel & Kaaret the start and end times for each flare as described in 83.2. We
2001 for a more detailed description of this procedure),nve i  then used the spectral shape from fitting the individual §léoe
cluded 0.6% and 0.3% systematic errors for energy bins belowconvert the total counts to a fluence in ergém
and above 8 keV, respectively.

We fitted the 464 s flare spectrum with power-law and black- 3.4. Evolution of X-Ray Flare Properties

body spectral models to determine if the flare emission mech- Figure[® shows the light curves for the 6 flares in the hard

anism is non-thermal or thermal. For these fits, we included (6.9-20 keV) and soft (2.8-6.9 keV) X-ray bands. While there
mterstellarl absorption using the “phabs model and ledtabl- are some specific light curve features that appear for ondy on
umn density Riy) as a free parameter. Using the power-law ot he energy bands, the main result is that there is goodidver
model results in a very good fit with®/» = 2.3/37'_Wh'|e the correlation between the soft and hard light curves. We atso e
result for the blackbody model s a poor fitwig /v =120/37.  2ined the hardness ratio vs. time using the hard and st lig
Thus, itis clear that the flare spectrum is not dominated by a ¢\, yes, but the only obvious trend is that the flares are some-
blackbody component. Furthermore, a two-component POWer-\ ot harder than the persistent emission, which is comsiste
law plus blackbody fit does not provide a significant improve- \ih the spectral results reported in §3.3. For flare 6 egiggi
ment over the powgr—law alone, and the upper limit on the j; i apparent that some of the specific light curve features a
blackbody contribution to the two-component fit is 7% of the present for only one of the energy bands. During the rise of
total 2.8-20 keV flux. flare 6, near time = 400 s, there is an 8 s dip that only appears

The non-flare spectra are also well-described by a power-lawip, the soft band light curve. Also, during the flare 6 decapé
model. However, for observations a and d, positive res&lual _ 465.540 ), oscillations with 820 s time scale are present
appear between 6 and 7 keV that may indicate the presence of, the hard band light curve only. In addition, flares 2 and 3
an iron Ko emission line. For observation d, where the largest oo some evidence for variability in the hard band that is no
residuals occur, the line is consistent with being narrow an

the line energy is &+ 0.3 keV. The equivalent width (EW) is presentin the soft band.

poorly constrained to be between 200 eV and 1.4 keV (90% 35, | ong Time Scale Oscillations Observed WRKTE and
confidence). Based on the improvement in the quality of the Chandra

fit when the line is included in the model, an F-test indicates ) )
that the line is required at only the 99.4% level. For the pthe  Here, we focus on the long time scale and large amplitude
non-flare observations and for the 464 s flare spectrum the 9096X-ray oscillations seen in Figufg 1a. To determine the ahara
confidence EW upper limits are a few hundred eV or greater — tristic frequencies of the oscillation and to search faique
consistent with the EW for observation d. Thus, for the spéct ~ icitiés, we produced a Lomb periodogram (Press et al..|1992)

fits described below, we use a model consisting of a power-law Of the time series, and it is shown in Figdiie 1b. The highest
and a narrow iron line. amplitude peak in the periodogram is at a frequency of 0.070

For the flare and non-flare spectra, the power-law plus line days* (14.2 day period), but it is about a factor of 2 below the
spectral fits indicate that the constraints on the columrsiten 30 detection limit for a periodic signal. The fact that there is

are poor, and we obtain 90% confidence upper limit&grin excess power from 0.06 to 0.09 daysuggests the presence
the range (2-10) 10?2 c2. Our Chandraspectra (see §2) in-  Of an aperiodic signal, and inspection of the light curvesagr
dicate a column density of abobky = 6 x 102! cm2, which with this conclusion. In FigurEl 1a, the arrows are spaced by

is consistent with the PCA upper limits, the expected inter- 14.2 days, and while the first 4 peaks are consistent with this
stellar value [(Dickey & Lockmar, 1990), and also the values Period, the agreement does not continue after MJD 52,330.
inferred from X-ray and optical observations obtained agri ~_ AS the PCA is not an imaging instrument and has a rela-
outburst (Miller et al. 2002; Augusteijn et al. 2001; A. Gast  tively large field-of-view (I radius), it is necessary to consider
Tirado, private communication). We refitted the spectraraft Whether another source besides XTE J1650-500 could be re-
fixing Ny to the value we obtained fro@handra and the re- ~ Sponsible for the phenomena detected by the PCA. Thus, it is
sults for the combined flare spectrum and the non-flare spec-Mmportant thatth€handraobservations mentioned in §2 firmly
tra are given in TablEl2. While the combined flare spectrum €stablish that XTE J1650-500 is the source of the osciiatio
does have a smaller best fit value for the power-law photon in- For all threeChandraobservations, a source is strongly de-
dex () than the non-flare spectra, it is only marginally harder tected at the position of the XTE J1650-500 radio countérpar
than the non-flare spectra for observations b and d. However,(Groot. Tingay. Udalski & Miller, 2001). Th€handraspec-

atT = 1.59+ 0.08 (90% confidence errors), the flare spectrum {ra are well-described by a power-law with interstellaraps

is significantly harder than the spectra of the two non-flare o tion, and by fitting the spectra, we derive 0.5-10 keV fluxes
servations with the lowest flux, a and c, for whicke 2.20:031 ~ of 5 }2011 erg_gm_zl s for the first two observations and
andT = 2.50048, respectively. This indicates that significant 8 10" erg cm*= s for the third observation. Comparing
softening occuirs at low flux levels, but it is not clear if tigs ~ 1€Se fluxes to the PCA count rates shown in Figlire 1a indi-

related to the flaring behavior. We refitted the combined flare cates that the flux levels measureo[tiyangjraand the PCA are
well-correlated. As th&€€handraobservations prove that XTE



4.1. XTE J1650-500 Oscillations

1 2
“r ] o 1 The fact that thev14 day X-ray oscillations are an aperi-
15F 6.9-20 keV 15F 6.9-20 keV 1 . . g
© o W% odic phenomenon likely rules out the possibility that they a
& 10 € 10 ST directly related to disk precession, and they are obvionsly
5F 2869 kev 5F 28569 kev ] orbital since it is now known that XTE J1650-500 has an or-
o bl /A OM.MMW%W bital period of 5.1 hri(Sanchez-Fernandez ¢tlal., 2002). How
550 600 650 700 750 800 1350 1400 1450 1500 1550 1600 1650 ever, oscillations have previously been observed in thiealpt
Time (s) Time () at the ends of outbursts for a number of short orbital period
BHC transients as well as dwarf novae (Kuulkers, 1998). The
20¢ 34 20¢ 4 general properties of the optical oscillations can be erpthin

F 6920 kev the framework of disk instability models (DIM) for dwarf nag
(Osaki, Shimizu & Tsugawa, 1997; Hameury, Lasota & Warner,
2000) and possibly for X-ray transients_(Menou étlal.. 2000)
For DIM, the level of emission increases when the disk be-
AR Al comes hot enough for the hydrogen in the disk to be ion-
350400 430 59050 000 650 130013501400 14805,50015501600 ized. This leads to a higher viscosity and an increase in the
mass accretion rate onto the compact object. Oscillatians ¢
be produced by the propagation of heating and then cooling
waves through the disk_(Hameury, Lasota & Walrner, 2000).
For BHC systems, the best examples of these optical oscil-
lations (also called “mini-outbursts”) include GRO J0432+
(Castro-Tirado et all, 199B; Chevalier & llovaisky, 1996RS
1009-45 [(Bailyn & Orosz, 1995), and, more recently, XTE
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[ 2.8-6.9 keV
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400 450 500 550 600 650 700 350 400 450 500 550 600 J18_594f226 (Zurita et al., 2002). For XTE J_1650—500, (_)ptical
Time (s) Time (s) oscillations occurred contemporaneously with the X-ragilos
' ' lations we are reporting in this work (C. Bailyn, private com
F'GI- t,3-—_ ';l'ght Cl:jf\tlﬁs l',”th energy ba”gs fl?f the gi@y f?fes- Timet munication). The optical oscillations have similar chéesistic

resolution is 4 s, and the light curves are backgroun aTo maximize : i} : j
the statistics, data from all PCUs that were on, including/®Cand all anode time SC"’_"eS of :.LO 100 <_jay_s forall 4 Sources'. While X ray cove
layers were used, but the rates are divided by the numbertige @2CUs to age during optical oscillations was not obtained for GRS9:00
give counts st PCUL. For each X-ray flare, the soft 2.8-6.9 keV band light 45 and was sparse for GRO J0422+32 and XTE J1859+226,
curve is shown on the bottom. The hard 6.9-20 keV band lightecis shown the X-ray observations obtained for the latter 2 sourcesedo

on top and has been offset by 10 courtisfar clarity. that they were active in the X-ray band during the oscillegio

(Shrader et all, 1987; Tomsick & Heihdl, 2000). Another shor

J1650-500 was still active when the flares were observes, it i orbital period BHC transient, 4U 1543-47, showed largeavari

; ; tions in the X-ray band in a poorly sampled light curve ob¢ain
very unlikely that the flares come from another source.,St#l ; - L
used the SIMBAD database to search for X-ray sources in the@t the end of its 1971-1972 outburst (Chen, Shrader & Livio,

PCA FOV. which is a 1 circle centered on the XTE J1650—500 1997). Overall, the similarities between the XTE J1650-500
position (’: 33670°,b = -3.44°). We did not find any sources oscillations and those that have been seen for other shutabr

such as X-ray binaries, that are likely to contribute sigaffitly period BHC transients suggests that they are related phenom

to the X-ray flux detected by the PCA. Further, the non-thérma €n&- If thi‘; isf_the _case,hour obge)gvations of XTEhJ16b50_508
flare spectrum rules out the possibility that the flares cawma f re_prejznt_t e first time ;f at goo b -fay coverage has been ob-
an X-ray burster in the PCA FOV (see §4.5 for more discussion t&ined during a series of mini-outbursts.

of X-ray bursts). 4.2. XTE J1650-500 X-Ray Flares and BHC Variability

4. DISCUSSION While it is likely that the XTE J1650-500 oscillations are

During RXTEobservations of the BHC XTE J1650-500, we Similar to phenomena that have been observed before (mostly
have discovered 6 X-ray flares lasting from 62-215 s and peak-in the optical band) for BHCs, it is not clear that the same can
ing at count rate levels between 5 and 24 times the persistenfe said for the X-ray flares. In certain spectral states, BHC
rates. The flares occurred at the end of the first and currentlylight curves certainly do exhibit a high level of variakyliand
only X-ray outburst that has been detected from this X-ragtr  their X-ray light curves contain flares that have inspirelots
sient when the persistent flux was a factor of below the the ~ noise” modelsi(Terrell, 1972). However, in these models it
peak flux level for the outburst. Although strong X-ray vari- the combination of a very large number of shots that can lead t
ability is commonly observed for black hole X-ray binarits the overall variability observed in BHCs, which can be a$ fas
isolated X-ray flares that we observe are unusual. In additio as millisecond time scales. The shots, and also the flarés tha
we find long term aperiodic oscillations with a charactérist ~are typically observed in BHC light curves, have much smalle
time scale of 14.2 days. Below, we discuss the implicatidns o amplitudes relative to the average flux levels and much short
the XTE J1650-500 oscillations and X-ray flares by compar- time scales than the XTE J1650-500 flares (see Miyamoto et
ing them to phenomena that have been seen for other sources!. 1992 for examples of light curves for other BHCs).
including long and short time scale variability in black &édi- We found one example in the literature of a black hole sys-
naries, the X-ray flares that have been detected from Sgr A*, tem that exhibited a series of X-ray flares with some sinti&si

the super-massive black hole at the center of the Galaxy, andto the XTE J1650-500 flares. V4641 Sgr is an unusual X-ray
X-ray bursts in neutron star binaries. transient that was discovered in 1999 FebruaryR§TEand
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BeppoSAXit is often referred to as a “fast” transient because it viscous time scale is given by = o 1(R/H)? t4, wherea is
had an outburst in 1999 September that only lasted for about aa dimensionless parameter that is proportional to the sigco
day rather than the typical several months. The source showe andty is the dynamical time scalz (Frank, King & Rdihe, 1992).
extreme X-ray variability when it was bright, and, atthe eid  The dynamical (i.e., Keplerian) time scale depends on thesma
its most active period in 1999 September, it exhibited nedht of the compact objecM, andR = rRs (Rs = 2GM/c?, whereG
isolated X-ray flares/ (Wijnands & van der Klis, 2000). Three is the gravitational constant amds the speed of light) accord-
or four X-ray flares occurred in a 200 s light curve shown in ing toty = 88us (M/ M) r¥2. Based on the current distribution
Figure 1c of Wijnands & van der Klis (2000). The X-ray flares of black hole masses, it is likely that XTE J1650-500 corgain
had rise times<10 s, durations of 20-50 s, flux increases by a black hole with a mass of 5-15/ and we assume a mass
factors of 10-50 over the non-flaring flux, and roughly expo- of 10My. In the extreme case of = 1 (Erank, King & Raine,
nential decays at the ends of the flares. The similaritieb®ft [1992) and a thick accretion disRE H), t, = 1 s corresponds
flare parameters and the fact that the flares for both V4641 Sgrto r = 110, while a more realistic value af= 0.1 givesr = 23.
and XTE J1650-500 occurred when the non-flaring flux was Thus, if the flares are due to an increase in the mass accre-
several orders of magnitude below the peak outburst flux for tion rate, they must originate in a region smaller than thmein
the respective sources leads us to suggest the possibidity t ~20-100Rs of the accretion disk. While this does not strongly
the flares from the two sources could be related. constrain theoretical models, the possibility of largerdhA-
Although we do not believe that similar X-ray flares have ray emission regions has been previously suggested (sig,, E
been seen before in BHC sources other than XTE J1650-500McClintock & Narayan 1997).
and possibly V4641 Sgr, this could partly be a selection ef- Some theoretical models for accreting black hole systems
fect. As discussed in 81, BHCs have been most often ob- predict highly variable X-ray emission at low luminosities
served in outburst at high luminosity or in quiescence. Fitoen Merloni & Fabian (2002) discuss the possibility of a “corbna
optical observations of XTE J1650-500 that have been madeoutflow dominated accretion disk model,” where a geometri-
(Sanchez-Fernandez et al., 2002; Augusteijin, Coe & Gré.2 cally thin and optically thick accretion disk dissipatesahwf
Garcia & Wilkes| 2002), we estimate that the source dist@ice its gravitational energy in a magnetic corona. This is araeait
between 2 and 6 kpc, and here and below we use a fiducialtive model since it incorporates angular momentum transpor
value of 4 kpc for luminosity estimates. Thus, the typicahno  via magnetic fields (Balbus & Hawley, 1991) and also the pres-
flare X-ray flux of 17 x 101! erg cm? s (2.8-20 keV, un-  ence of outflows such as the compact jets that have been ob-
absorbed) corresponds to an luminosity of 30%%(d/4 kpcy served from accreting black holes at low luminositles (Fsnd
erg s, which is in a luminosity regime where BHCs have not 2001). In this model, non-thermal X-ray flares can be pro-
been as well-studied. Thus, we cannot rule out the possibil- duced through gradual magnetic field generation that cah lea
ity that X-ray flares commonly occur for BHCs at intermediate to a brightening of the corona (Merloni & Fahian, 2002). Ia an
luminosities. other model that has been suggested for low luminosity black
The fact that multiple X-ray flares are detected from XTE hole systems, the black hole accretes via a “hot settling”flow
J1650-500 during observations a and b, suggests the pitgsibi  (Medvedev & Murray| 2002). Here, the black hole is magnet-
that XTE J1650-500 entered into a state (or perhaps an accreically coupled to the accretion flow, allowing a rapidly reta
tion regime) that favors flare production. It is interestthgt ing black hole to transfer its angular momentum to the accre-
the flares for observations a and b are both separated by 800tion flow as in Blandford & Znajekl (1977). Hard X-ray spec-
900 s, and this time scale may provide a clue about the flaretra and high variability are expected for this accretion mod
emission mechanism. The observation d light curve also sup-In fact, IMedvedev & Murray|(2002) specifically predict that
ports the idea that XTE J1650-500 enters into a flaring state XTE J1650-500 may exhibit this behavior based on the spec-
since a short flare is seen at the end of that observation (neatral determination that it contains a rapidly rotating tldole
time = 1850 s). Furthermore, tHRXTE observation follow- (Miller et all,i200P).
ing observation d (on MJD 52361) is one of the observations : .
for which higher variability was detected, and short flares a 4.4. Comparison between thedX-RayfIares in XTE
also detected during that observation. Finally, a highezllef J1650-500 and Sgr A
variability was detected for tHeRXTEobservation that occurred Here, we consider the possibility that the XTE J1650-500
between observations b and ¢ on MJD 52318. flares are related to the isolated X-ray flares that have been
detected from Sgr A*(Baganoff etlal., 2001; Goldwurm et al.,
2003). Such a comparison is interesting because these re bo
The XTE J1650-500 X-ray flares demonstrate that physi- low luminosity BHC or black hole systems, and the overall
cal models for BHC systems must be able to account for the shapes of the flare light curves and the evolution of the gnerg
situation where the X-ray flux increases by a factor of up to spectra are similar in the two cases. For the Sgr A* flare sgen b
24 on a time scale on a time scale of seconds (based on flareChandrain 2000 October, the flux increases by a factor of about
5). While this time scale does not provide a useful model- 45, and during the 10 ks flare, the X-ray spectrum hardens and
independent constraint on the size of the emission regien be is non-thermall(Baganoff etial., 2001). While the results fo
cause the physical size of the system (i.e., the binary aepar the 2000 October flare have been reported in the most detail,
tion) is only a few light-seconds, we have considered whethe subsequenthandraobservations of Sgr A* yielded the detec-
the flares have implications for certain accretion scesafior tion of several more flares, and these suggest that flux isesea
flares produced by a change in mass accretion rate, the flux ishy a factor of 5-25, similar to the XTE J1650-500 flares, are
expected to change on the viscous time scale in the X-ray emit probably more typical (Baganoff etlal., 2002). While thedlar
ting region of the accretion disk. For thif (< R) and thick durations and rise times are about a factor of 100 less for XTE
(H ~ R) accretion disks, wherH is the accretion disk thick-  J1650-500 (durations of 100 s for XTE J1650-500 compared
ness and is the radial distance from the compact object, the to 10 ks for Sgr A* and rise times of 10 s for XTE J1650-500

4.3. X-Ray Flares and Black Hole Accretion Theory



7

compared to 1 ks for Sgr A*), it is notable that that the ratios cretion onto the neutron star surface (Lewin, van Paradila&m,
for the two quantities are approximately the same. Eban- 1995). While XTE J1650-500 is a BHC and is not expected to
dra observations of Sgr A*, the power-law photon ind&j {s produce type | X-ray bursts, the flare rise times, the decaggi
2.2*33 during non-flare times and 333 during the 2000 Oc-  and the ratio between the peak X-ray flux and the persistent flu
tober flarel(Baganoff et al., 2001), which is consistent it are all typical of type | X-ray bursts.(Lewin, van Paradijs &am,
spectral evolution we observe for XTE J1650-500. 1995). Even though the light curve shapes for the flares gre ty
Although the phenomenology of the flares in Sgr A* and ical of type | X-ray bursts, the spectral evolution is not.eTh
XTE J1650-500 have similarities, we must also consider the emission mechanism for type | X-ray bursts is thermal, and X-
differences between these systems. Beyond the fact that theay bursts have energy spectra that are dominated by a black-
mass of the Sgr A* black hole is@x 10°M, (Eckart & Genzél, body component. As shown in §3.3, the possibility that the
1997) compared to the likelywl0OMy black hole in XTE XTE J1650-500 X-ray flares have a significant blackbody com-
J1650-500, the flares we observe for XTE J1650-500 oc- ponentis strongly ruled out.
cur when the persistent Eddington-scaled luminosity ishmuc  Although type Il X-ray bursts are not as well understood and
higher than for Sgr A*. For a distance of 4 kpc and a compact have only been detected from two sources to date, it is reotabl
object mass of 10 M, the persistent flux of 18! erg cm? st that some of the XTE J1650-500 flare light curves have prop-
for XTE J1650-500 (see Tallk 2) givies/Leqq =2 x 107°. For erties similar to type Il bursts. For flare 6, the variabiliad-
Sgr A*, the persistent X-ray luminosity is.2x 10% erg s? ing up to the flare (time = 0-300 s in Figu® 2), the dip right
(Baganoff et al.| 2001), indicating,/Lgqq =5 x 10712, Even before the flare (time near 360 s), and the oscillations durin
if we consider the bolometric luminosity 6§10°’ erg s? for the decay have similarities to the light curves of type lldtsir
Sgr A* (Narayan et dll, 1998)./Lg4g=2x 10°8, which is three (Lewin, van Paradijs & Taam, 1995; L ewin el al., 1996). How-
orders of magnitude lower than XTE J1650-500. Thus, we con- ever, like type | bursts, type Il bursts also exhibit thersyadc-
sider the possibility that the flares in the two systems deded tra (Lewin, van Paradijs & Taam, 1995; Marshall et Al., 2001)
with the caveat that their accretion properties are likelyoé in contrast to the XTE J1650-500 flares. If XTE J1650-500
significantly different. contains a black hole, then our conclusion that the X-rag#ar
If the flares are produced by similar processes, the fact thatare not type | or type Il X-ray bursts indicates that X-raydisr
the flare time scales are longer for Sgr A* than for XTE J1650— should not be taken as evidence for a neutron star in thersyste
500 is not surprising given the much larger black hole mass fo unless it can be shown that the burst energy spectrum is dom-
Sgr A*. However, it is not obvious why the time scales would inated by a blackbody component. This conclusion may have
be different by only a factor of 100. For example, dynami- implications for estimates of the numbers of neutron staabi
cal and viscous time scales at the same accretion disk radiusries in the Galaxy if a fraction of the putative X-ray burster
r =RR/Rs, are proportional to the black hole mass. Thus, if the without high quality burst spectra actually contain blackes.
flares were produced by an increase in the mass accretign rate  While the energy spectrum provides strong evidence against
the viscous time scale would be relevent (Liu & Melia, 2002), the XTE J1650-500 X-ray flares being X-ray bursts, we note
and a difference in time scale by a factor ok 30° would be that this possibility is also disfavored from luminositynsid-
predicted. | Baganoff et All (2001) discuss the possibiligtt  erations. Typically, peak X-ray burst luminosities arevistn
the Sgr A* flare emission could have a synchrotron or a syn- 0.1Lgqq andLgqq. However, the flux at the peak of the XTE
chrotron self-Compton (SSC) mechanism. This could occur if J1650-500 outburst is about 100 times higher than the peak of
electrons were accelerated in magnetically active regibas the strongest X-ray flare, indicating that if the X-ray flasze
accretion flow (perhaps due to magnetic reconnection events close toLgqq, then the source was super-Eddington for most
In these cases, the flare durations may be related to the synef the outburst, which seems implausible. In addition, give
chrotron or SSC cooling time scales, which are proportional the observed flux, a peak X-ray flare luminosity oflQ 44 im-
to v 1B (Begelman, Blandford & Reels, 1984), wherés the plies a distance between 28 kpc and 89 kpc for compact ob-
Lorentz factor for the X-ray producing electrons aBds the ject masses between 1vand 10M,, and these large distances
magnetic field strength. The fact that the flare X-ray spectra are ruled-out by the optical detections of the source neiasegu
are similar for Sgr A* and XTE J1650-500 may suggest that cence. However, these luminosity arguments may not be abso-
~ is not extremely different for the two systems, butBifvas lute proof against X-ray bursts because there are some ahusu
an order of magnitude larger in the XTE J1650-500 emission cases where bursts in other systems have been classifigukas ty
region, then the predicted time scale would be a factor of 100 | X-ray bursts even though they are significantly sub-Edtting
lower for this system, as observed. However, the calculatis (e.g., Gotthelf & Kulkarni 1997; Garcia & Grindlay 1987). On
di Matteo, Celotti & Fabian| (1997) suggest that the diffeen  the other hand, for the examples in the two preceding refer-
in magnetic field strength should be much greater than arrorde ences, it has not been clearly demonstrated that non-therma
of magnitude. Finally, jet-based models have been sugdjeste  burst energy spectra are ruled out.
explain the Sgr A* flares (Markoff et al., 2001). In these mod-
els, the X-ray emission has a synchrotron or SSC mechanism, 5. SUMMARY AND CONCLUSIONS
but the electrons are continuously shock accelerated sththa In this work, we report orRXTEobservations of the BHC
cooling time scales do not relate to the predicted flare éurat  transient XTE J1650-500 made at the end of its first, and cur-
in a simple way. More work is required to determine if any of rently only, outburst. By observing at low luminosities, we
these models can explain the time scale ratio of 100 betweenfound new or previously poorly studied X-ray phenomena, in-
the XTE J1650-500 and Sgr A* flares. cluding bright~100 s X-ray flares and long time scale oscilla-
4.5. X-Ray Flares and X-Ray Bursts tions of the X-ray flux. Over sever_al r_nonths_, the X-ray light
curve shows strong aperiodic oscillations with a charéster

Accreting low magnetic field neutron stars exhibit type | X-  tic time scale of 14.2 days during which the X-ray flux varies
ray bursts due to thermonuclear instabilities that resathfac-
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TABLE 1
BAsIC FLARE PROPERTIES

Flare MJ*-52,000 Rise Tink Decay Tim& Duratio? Count Rate

Number (days) (s) (s) (s) Incredse rd Fluencé
1 289.69046 73 25+ 6 65+ 11 124+14 1920288 28x107°
2 289.70009 2+16 17+4 62+ 7 87+13 1.628% 2.7x10°
3 315.65935 13-4 15+4 67+9 82+1.1 1.51j8155 25x107°
4 315.67009 1810 33+11 118+ 24 58+1.0 1.63t83gg 2.9x107°
5 319.11676 D+06 37+5 75+8 235+1.8 1.6&8339 3.9x10°
6 358.59491 183 98+8 215+ 14  156+1.3 1.61j§f§ 12x 108

aModified Julian Date at the peak of the X-ray flare.
bSee text for precise definition.

CRatio of the peak count rate in the 4 s light curves to the pensi 2.8-
20 keV rate.

dpower-law photon index for the flare energy spectra with 9¥fidence
errors.

€2.8-20 keV burst fluence in erg cfor the duration of the flare.

TABLE 2
FLARE AND NON-FLARE ENERGY SPECTRA

Obs. FINP  Exposurg (s) Tc Fluxd

a-d F 464 1559+ 008 109x 1010
a NF 1392 20931 147x 1011
b NF 1712 175:835g 1.67x 1071
c NF 1056 250t8fig 9.61x 10712
d NF 1088 172:§;§§ 1.69x 10711

3Flare (F) or non-flare (NF).

bExposure time included in the spectra.

¢Power-law photon index for the energy spectra with 90% cenfié errors.
d2.8-20 keV absorbed flux in erg cfis™.
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