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Abstract. We have discovered with the Wide Field Cam{(NFI) on boardBeppoSAX and with the Kitt Peak National Ob-
eras on boardBeppoSAX the weak transient X-ray sourceservatory (KPNO) 2.1 m optical telescope, and whose signature
SAX J2239.3+6116 whose position coincides with that efe searched for in data from the All-Sky Monitor (ASM) on
4U 2238+60/3A 2237+608 and is close to that of the fadte Rossi X-ray Timing Explorer (RXTE) and in occultation
transient AT 2238+60 and the unidentified EGRET sourdata from the Burst And Transient Source Experiment (BATSE)
3EG 2227+6122. The data suggest that the source exhilbitsthe Compton Gamma-Ray Observatory. In all observations
outbursts that last for a few weeks and peak to a flux wofe have interesting detections. We describe analyses of WFC
4 x 10719 erg cnmr? s7! (2-10 keV) at maximum. During (Sect[2), NFI (Sedt]3), ASM (Sekt. 4), BATSE (Sé&tt. 5) and op-
the peak the X-ray spectrum is hard with a photon index ti€al data (Seckl]6), point to possible associations of previously
—1.1 £ 0.1. Follow-up observations with the Narrow-Field Infound sources of high-energy emission in the field (§éct. 7), and
struments on the same platform revealed a quiescent emisslmtuss the possible nature of the source (Ekct. 8).

level that is 16 times less. Searches through the data archive

of the All-Sky Monitor on RXTE result in the recognition of

five outbursts in total from this source during 1996-1999, with WFC observations

a regular interval time of 262 d{;\ys. thical opservations Witﬂ1e WFCs (Jager et al. 1997) on BeppoSAX satellite (Boella

the KPNO 2.1 m telescope provide a likely optical counterpag[t al. 1997a) carry out a monitoring program where they point
Itisa B0V to B2 lll star with broadened emission lines atan ap- _

. X ; S t arbitrary positions in the sky. This program is the ‘secondary
roximate distance of 4.4 kpc. The distance implies a 2-10 ke , e :
I?Jminosityinthe range fronh%33 t0 1036 erg 3‘1.1Phe evidence mode’ program whereby the WFC pointings are dictated by

. . -~ those ofthe Narrow Field Instruments (NFI) on the same satellite
suggests t.hat SAX J2239.3+6116 is a Be X-ray binary with AAd the constraints of the satellite attitude with respect to the
orbital period of 262 days.

direction of the sun. The secondary mode observations entail
] . ) roughly 90% of all observations.
fﬂegzvégfggztaéi ggé\gigggSAXJ2239.3+6116,4U 2238+60, There are two identical WFCs. They each haife x

' 40 square degrees field of views (full width to zero response)
with ~ 5" angular resolution. The bandpass is 2 to 26 keV. The
WFCs have been active continuously since mid-1996, except
1. Introduction for a 1-month period in May 1998 when unit 1 was turned off,

The Wide Field Cameras (WFCs) on boardBeppoSAX satel- and a 3 week period in early 1999 when both cameras were

lit i tens tori f the whol )gurned off. During mid-May to mid-August 1997, the satellite
Ite carry out an extensive monitoring program ot the wnole W@; in a standby mode, with both cameras turned on but without

(rjay_skyt.hVarlous kmdi. of transtl_ent X-rzi\y sk())utrces arefdette_ct icient stabilization for sensitive imaging.
uring these observations on ime scales between a fraction o During 103.4 d on-source time with a net exposure time of

a second and.months. we here.d.|scuss one case which we I}a,vg d, the secondary observations covered the field around the
followed up with the more sensitive Narrow-Field Instrumentssupemova remnant Cas A. This exposure is roughly uniformly

Send offprint requests to: J.J.M. in 't Zand (jeanz@sron.nl) distributed in time. The latest data that we report here were
* Visiting Astronomer, Kitt Peak National Observatory, NationaPbtained on Dec. 15, 1999. Except for Cas A, there are no bright

Optical Astronomy Observatories, which is operated by AURA, IncX-ray sources presentin this field. Compared to the background

under a cooperative agreement with the National Science Foundatiewels in the WFCs, Cas A is not so bright. The sensitivity is,
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March 6.877, 1997, is MJD 50513.877.
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I N ] We have extracted the spectrum from the observation at the
0.000 ] peak of the first outburst and modeled it with a simple power
[ | | | | ] law plus absorption due to interstellar gas of cosmic abundances
~s0 =30 =10 10 30 50 (according to Morrison & McCammon 1983). We kept the value
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Fig.2. Light curve of the second WFC-detected outburst of SA¥s found from HI maps (Dickey & Lockman 1990). The fit
J2239.3+6116 for 2 to 26 keV. May 8.241, 1999, is MJD 51306.241was satisfactory, withy? = 1.22 (26 dof). The photon index

is quite hard at-1.1 £ 0.1. The spectrum is shown in F[d. 3.

The 2-10keV flux i$3.3 x 10~1° erg cnm2 s~* which is 0.016
therefore, close to optimum in the field. During two instancetimes the flux of the Crab in the same bandpass. In the energy
a relatively faint transient turned up in the field, at an anguleginge 2 to 26 keV the flux i5.0 x 10~ erg cnT2 s~! or 0.033
distance of 6.0 from Cas A. They were on March 4, 1997times that of the Crab.
and May 8, 1999. We note that sometimes Cyg X-2 is in the In Fig[4, we present a light curve with a relatively high
same field of view as this transient, but at an angular distartivee resolution when the flux was at maximum during the first
of 24.5 which implies it does not degrade the signal of theutburst. The source appears to be variable but no coherent
transient. The celestial position of the WFC-detected transigignal could be found in this data set. The 90%-confidence upper
iS aan00.0 = 22B39022.8, da000.0 = +61°16'47" with a 99%  limit on the amplitude of a periodic sinusoidal variation is 10%
confidence error radius of8. for periods between 1 and 6.

The detection in March, 1997, was the strongest WFC de- We have analyzed WFC data taken on December 13-15,
tection obtained so far. In Figl 1, we present a light curve witt899. This is 2 weeks after the optical measurements described
a resolution of about a day. The period over which we detectiedSect{®. No X-ray detection was found. The upper limit on
activity is about 1 week. The variation in brightness during thie X-ray flux is 6<10~'! erg cnt2 s=! (2-10keV).
event seems to suggest that it was not active for much longer.

A light curve of the second WFC-detected outburst is pre-
sented in Fid.12. The measured peak flux of this outburst is abou
a factor of 3 lower than that of the first outburst but this coul®bservations were made with the NFI on Nov. 24.46-25.04
very well be a sampling effect. The source was above the detfdT), 1998, which is 627 d after the first and 165 d before

{\IFI observations
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020 positions are fully consistent (see K. 9). The chance proba-

bility of a background point source with a flux in excess of
10~ 13 erg cnm2 s~ in the WFC error region is 0.3% (based on
the counts by Giommi et al. 1999). We reduced the spectrum
of the point source from the MECS data through application of
the maximum likelihood method (e.g., In 't Zand et al. 2000)
and tried to model it with absorbed single-component models
like a power-law function and thermal bremsstrahlung, while
fixing Ng to 1x1022 cm™2. Only black-body radiation gave a
satisfactory fit to the data of a single-component model, with
x2 = 1.74 for 7 dof. The color temperatureis2+0.2 keV and
the emission area at 4.4 kpc (see Sdct. 6) for isotropic emission

ool is equal that of a sphere with a radius@®é + 0.4 km. The

0 e sl veren. 6.57735, 387, o1 () 5 2-10keV fluxiss x 10713 erg cnt 2 s~! which is~ 103 times
o fainter than the peak flux of the March 1997 outburst.

Fig.4.2to 26 keV light curve of SAX J2239.3+6116 on March 6, 1997.
The time resolution is 75 s.
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4. ASM observations
22"41M53° 22M 4™y = 22"38m 7 22"36™15° i . .
. T i . Given the NFI position, we have searched for signatures of SAX

J2239.3+6116 in archival ASM data. The ASM is fully opera-
tional since March 1996 and monitors each position on the sky
in 2 to 12keV during 90 sec snapshots with a frequency of 5
+81090" o 10 times a day at a sensitivity ef 10 mCrab per day of
observervations on uncrowded fields (Levine et al. 1996). The
lightcurve for SAX J2239.3+6116 at 4-day resolution is pre-
sented in Fid.J6a. There is the suggestion for a detection during
. s D INStances, at regular interval times of about 262 d. We tested
this periodicity by first filtering out the data within 10 d of clos-
est aproaches to the Sun and all data after MJD 51450 because
there does not appear to be an outburst there, and then calcu-
lating the variance statistitas defined by Stellingwerf (1978)
+s1m0000r fOr @ range of test periods, see Kih. 6b. The resulting period is
262+5 d. The epoch for peak flux is MID 50786. The predicted
times of outbursts are indicated in again Eig. 6a. Only the last
! ! ! ! predicted outburst does not appear to have materialized. The
100 200 300 400 two WFC detections synchronize with the 2nd and 5th outburst.
X Pixels A folded light curve (Fid.bc) shows an average outburst profile

Fig.5. MECS image of observation on SAX J2239.3+6116. MECWNICh lasts~15 days. The average peak flux is 4 mCrab.
units 2 and 3 data are combined.
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5. BAT SE observations

the second WFC detection. The NFI include the low-ener@ue to the hardness of the spectrum measured with the WFC a
concentrator/spectrometer (LECS; 0.1-10 keV; Parmar et s@arch ofthe BATSE datawas made to seeif SAX J2239.3+6116
1997), the medium-energy concentrator/spectrometer (MEQ@&s detectable in the hard x-rays. The BATSE experiment on-
1.8-10 keV; Boella et al. 1997b), the high-pressure gas scintibard the Compton Gamma-Ray Observatory (Fishman et al.
lator proportional counter (HP-GSPC; 4-120 keV; Manzo et dl989) using the Large Area Detectors (LADs) could monitor the
1997), and the phoswich detector system (PDS; 15-200 keWole sky almost continuouslyinthe energy range of 20 keVto 2
Frontera et al. 1997). The first two instruments are imagimgeV with atypical daily 3 sensitivity of better than 100 mCrab.
devices. The effective exposure times on SAX J2239.3+61Détector counting rates with 16 energy channel energy resolu-
are 11.9 ks (LECS), 20.1 ks (MECS) and 10.0 ks (PDS). Tkien and a timing resolution of 2.048 seconds (CONT data) are
HP-GSPC was turned off for operational reasons. used for our data analysis.

Only the MECS data show a detection of SAX To produce the SAX J2239.3+6116 light curve, single step
J2239.3+6116 in an otherwise empty field of view (semccultation data were taken using a standard Earth occultation
Fig.[H). The position of the source isgo0.0 = 22"39™18.5, analysis technique used for monitoring hard X-ray sources (Har-
d2000.0 = +61°16'20” with a 90% confidence error radius ofmon et al. 1992). Interference from known bright sources was
1/0. This is 07 from the WFC centroid position and the twaemoved. The single occultation step data were then fit with a
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Fig.8. Top panel: BATSE-measured spectrum of SAX
J2239.3+6116(crosses) and the fitted power-law model (histogram).
Bottom panel: residuals between data and model in units of sigma.

power law with a -2.0 photon index to determine daily flux mea-
surements in the 20-100 keV band. A time period of 30 days
centered on each outburst was examined for emission. Various
time averages of the data were performed to search for a possible
signal in the data.

During the time of the March 1997 outburst we find evidence
of a weak two day outburst in the BATSE data (see[Hig. 7). The
20-100 flux for highest daily average correspondsto 0.080times
that ofthe Crabinthe same bandpass. Itappears thatther8is a
day delay between the peak in the BATSE data and that detected
in the WFC. For any of the other outbursts predicted throughout
the BATSE operational period we do not find evidence for hard
X-ray emission, but we can not rule out the presence of a source

Fig.6. a ASM light curve at 4 d time resolution, the arrows point tayith a flux 0.050 times that of the Crab or less being present in
the predicted times of outbursts for periodicity of 262bd} statistic the data.

(Stellingwerf 1978) as a function of test periadplded light curve at

We have extracted spectra from the BATSE data for the

the best fit period. The non-zero flux outside the outburst points to fRfarch 1997 outburst During this time period the source was
instrumental bias level of about 0.5 mCrab. .
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March, 1997, for 20—100 keV with a one day time resolution.

measured in three detectors. Spectra and responses for each de-
tector were created and a joint fit was made with a simple power
law. The fit was satisfactory, with a reduced chi-squared = 0.90
(40 dof). The photon index is-2.2 4 0.3. In Fig[8 is plot the
spectruminwhich the three data sets have been grouped for plot-
ting purposes. The 20-100 keV fluxiist x 10~ ergcnr 2 s~!

which is 0.080 times that of the Crab in the same bandpass. Very
little flux is detected above 100 keV.

6. Optical observations

We looked for the optical counterpart of SAX J2239.3+6116
by obtaining spectra of the three brightest stars in the NFI er-
ror circle on 1999 Dec. 2 and 3 UT, using the KPNO 2.1 m
telescope and Goldcam spectrograph. The date is 50 d before
a predicted outburst (the last indicated in Eig. 6a). The spectra
covered the wavelength range 39007308t 5 A resolution.

"The second brightest star within the error circle (Eig. 9) is the

only one that has broad emission lines and other spectral fea-
tures that are characteristic of a reddened Be star. Be stars are
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SAX J2239.3+6116 spectively. From the calibrations of Herbig (1975) arity®&
Schmidt-Kaler (1981) we estimai&( B — V') = 1.4+£0.2. This
is less than the value for thetal Galactic extinction as derived
from the hydrogen column density measurements through Hi
maps (Dickey & Lockman 1990). The integrated H | column
density isNg; = 1.0 x 10?2 cm~2 in this direction. From the
standard conversiongy /Ay = 1.79x 10%! cm~2mag™* (Pre-
dehl & Schmitt 1995) andly = 3.13E(B — V'), one obtains
E(B — V) ~ 1.8. Also, the reddening is less than determined
from IRAS 100 zm dust maps (Schlegel et al. 1998) which give
E(B—V)~2.0.

Assuming thatdy = 3.13 E(B —V), the dereddened mag-
nitudes from the spectrum becone= 10.7, V = 10.7 and
R = 10.9. Since these are somewhat redder than the colors of
an early B star, we suspect that there may be some additional cir-
cumstellar extinction, and that dereddefée: 9.7 is a realistic
estimate. Also, if we assume an averate = 1 mag kpc!,
then the distance to SAX J2239.3+6116 can be estimated as
4.4 kpc. The absolute visual magnitude would then be 3.5, as
expected for a star in the range BO V to B2 lII.

In a 16 square-degree area around the NFI position, there
are 3 cataloged Be stars brighter thHdn= 10. None of these
are coincident with the NFI error box.

Fig. 9. Finding chart for the optical counterpart of SAX J2239.3+6116

from the Digitized Palomar Observatory Sky Survey. The fiefdist’. 7 Association with other sources of hiah-enerav emission
North is up, and east is to the left. The large and small circles are 9 &

the WFC and NFI error circles, respectively. The optical counterpa Fig.[T1, the WFC- and MECS-determined positions of SAX
is indicated by tick marks. Its position iso00.0 = 22"39™20%90,  32239.3+6116 are shown, as well as those of three other
92000.0 = +61°16"26"8, possibly related X-ray sources. It appears likely that SAX
J2239.3+6116 is the same source as the one seen in the early
seventies with Uhuru (4U 2238+60, Forman etal. 1978), OSO-7
often hard X-ray sources because of emission from an unsé¢gi 2233+595, Markertetal. 1979), aAdel-V (3A2237+608,
compact companion such as a neutron star. On this basis\Wrwick et al. 1981). 4U 2238+60 was detected at a level of
identify the Be star with SAX J2239.3+6116. This star is listedd +- 1) x 10~*! erg cnm2 s~* (2-10keV, statistical error only)
in the USNO-A2.0 catalog (Monet et al. 1996, Monet 1998hich is about 4 times lower than the peak of the March 1997
at positionasgge.o = 22"39™20%.90, da000.0 = +61°16'26".8  outburst. This is not really surprising because neither measure-
(uncertainty0”.3), which is0/3 from the NFI centroid and well ment encompassed the whole outburst. Ahiel source (War-
within the error circle. The USNO-A2.0 catalog gives approxvick et al. 1981) is classified as anirregular variable source dur-
imate magnitudes aB = 16.2 andR = 14.1. ing the 1974-1980 operational period with a measured peak flux
The summed spectrum from 3000 s of exposure is showf2 x 10~1% ergcnm?2 s~ (2-10 keV) which is also of the same
in Fig[10. We measure approximate magnitudes= 16.5, order of magnitude as SAX J2239.3+6116 and 4U 2238+60.
V = 15.1, and R = 14.1 from the spectrum. The esti- There are two other interesting sources which have er-
mated uncertainty in these numbers is 0.2 mag. The magmir boxes that are close to that of SAX J2239.3+6116 but
tudes are consistent with the USNO magnitudes. Theshtis- are formally inconsistent. The first one is the fast transient
sion line has an equivalent width (EW) of 64 a flux of AT 2238+584 which was seen in July 1975 with the sky-
3.4 x 10~ ergs cnt? s~!, and a full-width at half maximum survey instrument oAriel V (Pye & McHardy 1983). The out-
(FWHM) of 400 km s! after correcting for the instrumen-burst was not covered completely. The maximum measured flux
tal resolution. Emission lines of HeN5876, He 1\6678, and was (1.6 4- 0.2) x 1079 erg cnm? s~! (2-10keV) which is 5
He | A7064 appear to be double-peaked, with the peaks sepiaes as bright as for SAX J2239.3+6116. The e-folding de-
rated by 300 km s'. Double-peaked emission lines are concay time of AT 2238+584 was 0.78 d. The other inconsistent
monly seen in Be star spectra, where they are attributed tsaurce is 3EG J2227+6122 which is one of the unidentified
circumstellar disk. EGRET sources (Hartman et al. 1999). We mention this be-
The reddening to the star may be estimated from many diause SAX J2239.3+6116 is the bright X-ray source closest to
fuse interstellar band (DIBs) that are apparent in the spectr@BG J2227+6122 and because SAX J2239.3+6116 has quite a
(Fig.[10). We measure equivalent widths of EW =8,8.2A, hard spectrum in the X-ray range. Nevertheless, the distance
and 2.3A for A\4430, Na | D, and theA\5780,5797 blend, re- between the centroids of both sources isWfile the 95% con-
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Wavelength (&) same spectrum divided by a factor of 6.
i likely optical counterpart, the periodicity may be identified with
65 : E the orbital period of the binary. In such a Be X-ray binary sys-
tem, the transient nature of the X-rays is thought to arise from a
combination of episodic mass loss by the Be star, and an eccen-
C tric binary orbit. The compact object orbiting the Be star will
62 H E show enhanced X-ray emission near periastron where it accretes
more matter due to an enhanced wind density (e.g., review by
g White etal. 1995). The 2—-10 keV flux history shows fluctuations
S of afactor of 16. Possibly the true dynamic range is larger. The
61 2 g likely counterpart at an estimated distance of 4.4 kpc implies
: that the 2—10 keV luminosity ranged between1D?3 erg s°!
i and7 x 10%° erg s'L. It seems plausible that SAX J2239.3+6116
r was more or less active over the last decades. The peak flux is
60 a g so low that it can easily be missed. The spectral type of the
counterpart, the resulting luminosity and the transient behavior
R is consistent with the identification of SAX J2239.3+6116 as

a Be X-ray binary. This is also confirmed by the value for the
342 340 338 336 X-ray to optical color index = B + 2.5log(Fx(uJy)) (as
zoo0o defined by Van Paradijs & McClintock 1995) whekeis the
Fig. 11. Map of relevant high-energy sources. The large error circle tereddened® magnitude and’y the 2-10 keV X-ray flux. For
the right is that of 3EG J2227+6122, the two straight lines refer to tf® = 10.7 and Fx = 0.03 pJy (during quiescence) = 6.9.
fast transient AT 2238+584, the dashed quadrilateral to 3A 2237+608,B would be 9.7 (to correct for additional circumstellar ex-
the solid quadrilateral to 4U 2238+60, the two small circles to the W':t%ction) then¢ = 5.9. These are perfectly normal values for
error box (large) and NFI error box (small) of SAX J2239.3+6116. gq X-ray binaries in quiescence and three times lower than for
low-mass X-ray binaries.
fidence error region of 3EG J2227+6122 is three times smaller Usually Be X-ray binaries contain an X-ray pulsar (€.g., re-
(28). view by White et al. 1995). SAX J2239.3+6116 does not appear
to contain one with a period shorter than® Xec, with a fairly
) _ sensitive upper limit of 10% on the amplitude. This may be ex-
8. Discussion plained by the fact that the pulse period is longer thahsk.

SAX J2239.3+6116 is an X-ray transient which often recufsorbet (1984) discovered a strong correlation between orbital
with a periodicity of 262 d. Because of the Be-star nature of tif'd pulse period for Be X-ray binaries. If SAX J2239.3+6116
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adheres to this correlation, the orbital period of 262 d impliétarmon B.A., Finger M.H., Rubin B., et al., 1992, In: Shrader C.R.,
a pulse period near to §®ec. More dedicated sensitive X-ray Gehrels N., Dennis B. (eds.) Proc. Compton Observatory Science
observations during future outbursts are obviously needed to Workshop. NASA, Washington, p. 69
study this system in more detail. Hartman R.C., Bertsch D.L., Bloom S.D., et al., 1999, ApJS 123, 79
Herbig G., 1975, ApJ 196, 129
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