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DISCOVERY OF 16.6 AND 25.5 SECOND PULSATIONS FROM THE SMALL MAGELLANIC CLOUD

R. C. Lams,' D. J. MacoMmB,? T. A. PRINCE,* AND W. A. MaJD?
Received 2001 December 12; accepted 2002 January 31; published 2002 February 18

ABSTRACT

We report the serendipitous detection of two previously unreported pulsars from the direction of the Small
Magellanic Cloud, with periods of 16.6 and 25.5 s. The detections are based on archival Proportional Counter
Array data from theRossi X-Ray Timing Explorer. The observation leading to these detections occurred in 2000
September, extending over 2.1 days with an exposure of 121 ks. A possible identification of the 16.6 s pulsar
with an X-ray source (RX J0051-87310) seen by both tHROSAT andASCA imaging X-ray satellites is presented.

Subject headings. accretion, accretion disks — binaries: general — pulsars: general — X-rays: general

1. INTRODUCTION AND RXTE RESULTS tion as reasonable. As for the remaining periods, 16.6 and 25.5 s,
we have found no previous reports covering this portion of the

In the course of a survey of archival data from the Propor- sky. ]
tional Counter Array (PCA) of th&Rossi X-Ray Timing Ex- In what follows we present the pulse profiles for both the
plorer (RXTE; Bradt, Rothschild, & Swank 1993), we have _16.6 _a_1nd_25.5 s pulsars and dlscu_ss evidence for a possible
found evidence for two previously unreported pulsars with pe- identification of the 16.6 s pulsar with ROSAT source, RX
riods of 16.6 and 25.5 s. The evidence is based on observationd0051.8-7310. In the concluding section we discuss the lu-
taken on 2000 September 13-15 with the PCA field of view, minosities of_sources._ If t_hese pulsars are associated with the
~1°0 FWHM (Jahoda et al. 1996), viewing an area near the SMC, as is likely, thelr d|§covery further accentuates the re-
southwestern edge of the Small Magellanic Cloud (SMC) cen- markable overdensity of binary pulsars in the SMC relative to
tered on 00604464, —731604'8. our own galaxy.

The observation in question extended for 2.1 days with min-
imal interruptions, leading to 68% of the time devoted to source 2. PULSE PROFILES
region coverage. Such extended “dense” observations are well

suited for sensitive searches for periodic phenomena from reI-Of the 16.6 s pulsar during the course of RETE observation.
atively faint sources.

: We find that the time derivative of the frequenty, , which max-
The PCA qbservatlons used the so-called Good Xenon dataﬁmizes the sum of the power at the fundamental and second
mode, in which the arrival of each photon at the detector is harmonics £0.12 Hz), is (4.6 + 1.0) x 10 ™ Hz s * at a fre-

time tagged to an accuracy of better thapsl For the timing ,

; : : L 2. quency of 0.0603435 Hz. With these values, the sum of the power
gﬂglﬁ's{h??Oe;eﬁgcﬂ;:rlsse(so;'v&rfegqggrfhdetopcg:gmveitﬁ]'%Egheerat the fundamental and second harmonics is 265; with no fre-
heights in the X-ray energy range of 2—15 keV. Su,ch an enerquueqc.y dfenvanr\]/e, thelpowgfras&JP IS ﬁl& The pulse pl)rofﬁle

s A . T o o2 resulting from these values éfandf is shown in top panel o
and layer selection is effective in improving the signal-to-noise Figure 2. Using the lowest bin of the pulse profile to establish

ratio for pulsar detection. . |
The times of arrival were corrected to the barycenter of the Snoéj ?)%gf:nds Igvel, we find a pulsed counting rate of &:60

o B P e el The bserved spin-doun rate for the 166 5 pulsar s a
P ’ P characteristic timescalé/f , of 41 yr. This value is approxi-

0.02 to 0.2 Hz is shown in Figure 1. . : :
There are four distinct frequencies and one second harmonicmatGIy 60 times shorter than the same quantity for the isolated

that are evident in the spectrum of Figure 1. The frequencies bulsar with the largest known spin-down rate, the Crab pulsar.
corresponding periods, and Fourier power (nérmalized to 1) are,It is therefore Ilkely that the observ_ed phange n frequency of
listed in Table 1. Two of the periods are consistent with those :Eg rllgﬁrznpiltza;r;foﬂﬂg ti?sacg?nrgglnr}gtrzogn?jf géré?é)tliorﬁotttl)?guoefs
that have been previously reported from this region of the SMC. Further discussion of this point is given in § 4 '
The 8.9 s period is identified with the same-period pulsation The upper limit for a nonzerb for the 255 s pulsaBis

from the Be transient RX JO05L&231 (Israel et al. 1997). 10 Hz s ™ Its pulse profile is shown in bot.tom panel of Fig-
The 15.7 s period may be identified with the reported 15.3 s ure 2. Its pdlsed counting rate Gs49 + 0.08  photond. s

period from the SMC transient RX J0O052.1319 (Finger et al. ' - '

2001). The observations reported by Finger et al. for this object

occurred 3.8 yr earlier than tHRXTE observation of Figure 1. 3. POSSIBLE IDENTIFICATION OF THE 16.6 s PULSAR

The difference in period (2.5%) can be accounted for by a spin- e have examined the public archive of ROSAT satellite
down episode(s), consistent with spin histories of other Be tran-for gata relevant to the possible identification of either of these
sients (Bildsten et al. 1997); therefore, we regard this identifica- newly discovered pulsars. There are four observations taken by
the ROSAT Position Sensitive Proportional Counter (PSPC)
! Space Radiation Laboratory, California Institute of Technology, MS 220- that are within 30 of the center of theRXTE PCA's field of

47, Pasadena, CA 91125. . . . . .
? Physics Department, Boise State University, Boise, ID 83725-1570. view. Two of the four observations have insufficient exposure

3 NASA Jet Propulsion Laboratory, California Institute of Technology, 4800 (<=2 ks) for a sensitive search for pulsations from any of the
Oak Grove Drive, Pasadena, CA 91109. relatively faint sources in the field. Both the remaining obser-
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There is evidence for a significant spin-down of the frequency
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TABLE 1
250 T
r FREQUENCIES WITH POWER GREATER THAN 20
r 16.68 e
200 g Frequency Period
[ ] (Hz) Normalized Power (s)
5, 150 [ =
% F ] 0.0392305(5)........ 48 255
£ 100 B 0.0603395(5)........ 196 16.6
r 8o ] 0.0638610(5)....... 54 15.7
o 255 15.75 = 3 0.1124010(5)........ 58 8.90
r { ‘ 16.65(2H) ] 0.1206855(10)..... 22 16.6 ZHarm)
0 Bt o ol iria i) " Lo bttty 4
0.05 0.1 0.15 02

Frequency (F2) five sources was 14.0. In the search range there are 1630 indepen-

FiG. 1.—FFT of theRXTE observation dent frequencies. The probability that any one of these sources
would give a power greater than 14 is therefore (3)(5)(1630)
vations have similar deep exposure€0 ks. However, one of (1 — 14/1630)°*° = 1.9% Therefore, the source RX J005+.8
these (rp500249n00) is significantly more useful than the other 7310 is a candidate for identification with the 16.6 s pulsar. The
(rp600196a01), since the latter observation has a duration more
than 3 times as long. For a fixed number of pulsed photons, the
detection sensitivity for a pulsar will decline as the length of the 5 55105
observation is increased. This is because the number of inde- ’ .
pendent frequencies required to cover a given frequency range 16.6 s pulsar pulse profile
increases witT, whereT is the total observation duration. Also,
the frequency variations that are to be expected (on the basis of
the RXTE observations for the 16.6 s pulsar) will further vitiate
the sensitivity of long observations. Therefore, we have exam- 2 45x 105
ined only rp500249n00 for possible counterparts to RX@E
sources.
In the field of rp500249n00 there are five sources with count-
ing rates greater than 0.01 counts one of these fivROSAT
sources are identified with previously reported pulsars. How-
ever, anASCA source, AX J0051.67311 (Yokogawa et al. £.4x10°
2000b), which may or may not be the same source as one of
the five ROSAT sources, RX J0051-87310, has reported a
172 s pulsation. - -
We have Fourier transformed the arrival times of the photons L i
from each of the fiveROSAT sources with the view of estab- S 5% 105 L 111 Lo o b b o
lishing the identity and precise location of either the 16.6 or '

IIII{YIIN{IIINllNII

25.5 s pulsar. Th&OSAT observation began on 1992 April 0 0.5 1 1.5 2

15, 6.8 yr earlier than theXTE observation. In order to account Cycles

for possible episodes of spin-up and spin-down over that in-

terval, we have searched a range-66% around the signal 2 5%105

frequencies of 0.06034 and 0.03923 Hz. ’ L | | " i
To assess the significance of any possible detection, we use 25.5 s pulsar pulse profile

a formula first derived by Fisher (1929). This formula gives
the probability that a given Fourier powé, taken from a
range ofn-independent values of power, will be exceeded by r 7
chance. Equation (4) of Fisher gives that probability as a series 2.45x10°
whose leading terrm(1 — g)"* is the only term that is sig-
nificant for our values ofP and n. The parameteg is the
fraction of the power contained in the term in question. We
have used normalized values of power, and thes P/n . How-
ever, since we have used a frequency digitization finer than the
independent frequency spacidgl  , we must multiply Fisher’s 2.4x10°
expression by an oversampling factor. For the FFT's we have
used a frequency spacing ofL/5T, for which an appropriate n .
value of the oversampling factor is 3 (Lewis 1994). = :
For the 0.039 Hz search region, there are 1060 independent L .
frequencies. None of the five sources showed any power o gz s Lo Lo Lo i
greater than 8 over that region. The probability of a power of '
8 or more occurring by chance is therefore (3 oversampling) 0 0.5 1 1.5 2
(5 sourceg)L060)(1— 8/1060§°*°>1 . Thus, there is no evi- Cycles
dence for the 25.5 s pulsar in this data set.
For the 16.6 s search range it is a somewhat different story. g, 2 —puilse profiles for the 16.6 top panel) and 25.5 sifottom panel)
The largest power occurring in the search range for any of the pulsars, 2-15 keV.
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portion of the FFT from 0.02 to 0.2 Hz for this source is shown
in Figures & and 3. ROSAT RX J0051.8-7310

The four peaks evident in the figure near 0.0615 Hz are due Search Range 20
to the sparse sampling of thROSAT data, which extended for
270 ks with only 19 ks of exposure. The spacing of the four
peaks (0.174 mHz between peaks) is due to the orbital period
of the ROSAT spacecraft495 minutes). We have verified this
behavior using a simulation of the observation with an artificial
0.06 Hz signal arranged to mimic the exposure time of the

Search Range
m

Power

ROSAT observation. In the simulation, a “picket fence” of power 0 b o b o

peaks around 0.06 Hz similar to that in Figure ®as seen, 005 0. ‘H‘°-15 02 005 01 015 02

with the separation between adjacent power peaks given by .~ ey o Freaveney (fzy-

0.174 mHz. . . 20: ROSAT F‘{X.'JOO‘51.'8-7‘31(‘) ] E Asta T
We have searched for evidence for a possible frequency de- r Search Range ] 20 | Search Range

rivative of the putative signal and find none. Further support
for the identification comes from an analysis of #h&CA ob-
servation (48003010) in which a source, AX JO0517311,

is observed. Yokogawa et al. (2000b) identify this source with
the ROSAT source RX J0051-87310 because its location is
consistent with that of th®OSAT source. They find a signif-
icant 172 s pulsation for this source in tASCA data set with o Y S
no such pulsations seen in tROSAT data. However, thASCA 0.055 0.0 0.065 0.055 0.06 0.065
instrument used for the observation, the Gas Imagining Spec- Frequency (Hz) Frequency (Hz)

trometer, has an angular resolution greater thafir®VHM) in _ ,
Fig. 3.—ROSAT and ASCA observations of a possible counterpart to the

the vicinity of this source, and Fhe pOSItIOI‘I_glve_n by Yokogawa 16.6 s pulsar. For th&®OSAT FFT in (@) and 0), no frequency derivative
et al. (2000b) has an uncertainty of51 This raises the pos- s used. For theASCA FFT in () and ¢), a frequency derivative of (9.8

sibility of source confusion, particularly given the large number 0.5) x 10 Hz s is used.
of X-ray sources observed in the SMC. We therefore proceeded
to analyze photons from this position with the view of finding
(or not finding) confirmation for théROSAT identification of data to establish an accurate position under the assumption that
the 16.6 s pulsar. the HRI source is identical to the PSPC source. Using a 27 ks
The ASCA observation extended for 2.8 days beginning on €xposure from 1996 November (rh600811n00) that produced
2000 April 11. Again we use a search range-66% around  ~80 signal photons on a background of 10, we find a position
the RXTE frequency of 0.06034 Hz. Although t#&SCA obser-  Of RA. = 0051512, decl = 73°10'32" with an error of 7.
vation occurred less than 6 months prior to fRETE obser- We note that this position agrees, within errors, with the position
vations, episodes of appreciable spin-up or spin-down may occurderived from PSPC data alone by Kahabka et al. (1999).
on rather short timescales (Bildsten et al. 1997). We selected
photons from the region of RX JO05%8310 and performed 4. DISCUSSION
an FFT. In the search range, the highest power was 10.1. There
were 1450 independent frequencies in the search range, and again For the 25.5 s pulsar we derive a pulsed flux value of
we use an oversampling factor of 3. The probability of a power (6.9 + 0.8) x 1072 (2—15 keV) under model assumptions of a
exceeding this value in the search range is therefore (3)(1450)power-law spectrum with an energy index 2.0 and a hy-
(1 —10.1/1450%*° = 17% drogen column density of.0 x 10** atoms cfn Under the
We then added a search on a possible frequency derivativesame assumptions, the 16.6 pulsar flux8$5 = 1.1) x 10°*2
varying it from—1.0 x 10°to +1.0x 10 °Hzs ™. Thespac-  (2-15 keV). At the distance of the SMC (nominally 60 kpc),
ing between independent values of the frequency derivative isthese pulsed fluxes correspond to isotropic luminosities of
given by 1/2T2. Thus, to cover this search range, 230 trials 3.0 x 10%* and 3.7 x 10%* ergs §'. These fluxes are a few
with an additional factor of 3 for oversampling are required. percent of the Eddington luminosit@ (x 10°® ergs'sfor a
From this search, a power of 19.5 occurred at a frequencyl.4 M, object.
of 0.06028 Hz and a frequency derivative of (200.5) x Two arguments can be made to support the idea that at least
10 Hz s'*. The number of independent frequencies searchedone if not both of these pulsars are binary. Isolated pulsars
is thereforel450 x 230 = 333,500. The probability of a power  with periods greater than 10 s have yet to be seen. In addition,
of 19.5 being exceeded by chance is therefore (3)(3)(333,500%here is a significant nonzero period derivative for the 16.6 s
(1 —19.5/333,500%**°° = 1.0 x 102 Figures & and 3 pulsar with a spin-up timescale of 41 yr. Further analysis of

show a portion of the FFT from th&SCA observation. existing and futur&XTE observations may be able to constrain
We may combine the probabilities of tIROSAT and ASCA possible orbital parameters for this object. If these objects are

observations to arrive at an overall probability that these two Be transients, we may use the empirical correlation first noted

observations are due to chance. That probabilitg is 107* . by Corbet (1986) between spin period and orbital period for

This number is sufficiently small to suggest that the identifi- such objects. For spin periods in the range 15-20 s, orbital

cation is correct. However, in view of the reported 172 s pul- periods in the range 30-50 days are indicated by this corre-

sation seen by Yokogawa et al. (2000b) from nearly the samelation. Known Be transients with these orbital periods (see

location, we regard this identification as tentative until it is Bildsten et al. 1997) have an orbital sizesfni. ) in the range

supported by further imaging X-ray satellite observations. 50-200 It-s. With these parameters, values| fif as large as
If the identification is correct, then we may UROSAT HRI several times 10° Hz s* are obtained, easily accommodating
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the range off -values seen in tRXTE, ROSAT, and ASCA pulsars are of high or low mass. However, if they are high-
data sets. mass pulsars, then this increases the number of such systems
. We may use the theoretical relation between spin-up ratein the SMC to 20. For the Galaxy, the corresponding number
P, spin periodP, and luminosityL, derived by Ghosh & Lamb  is 40. Therefore, using a mass ratio of the SMC to the Galaxy
(1979), to derive a characteristic value of the equilibrium spin- of 1/100, this suggests that such systems are overabundant by
up rate due to an accretion torque. From Figure 9 of Ghosh & a factor of ~50 relative to the Galaxy. This simple analysis
Lamb (1979), withL = 3.7 x 10*® ergss, a spin-up ratd ignores important issues regarding the uncertain coverage of
of 1.1 x 10 Hz s* results. This spin-up rate in absolute the Galaxy for transient X-ray binaries versus the relatively
value is only about one-quarter the spin-down rate observedcomplete coverage of the SMC. It also ignores differences in
for the 16.6 s pulsar in thBXTE data. This supports the idea X-ray absorption effects. Nevertheless, pending careful analysis
that much of the frequency change observed for the 16.6 sof such issues, there appears to be a significant overabundance
pulsar on a timescale of a few days is due to orbital motion. of high-mass binaries in the SMC relative to the Galaxy. Since
If these pulsars are binaries in the SMC, their discovery high-mass X-ray binaries have lifetimes 102 the age of
further accentuates the dramatic difference between the SMCthe Galaxy and possibly the SMC, this difference between the
and our Galaxy with regard to the population of such systems. SMC and the Galaxy may point to a rather recent outburst of
This fact has been noted by several authors (Schmidtke et alstar formation in the SMC within the pastL0’ yr. Yokogawa
1999; Yokogawa et al. 2000a). et al. (2000a) reach a similar conclusion.
In a recent compilation of known X-ray pulsdrthere are
18 X-ray pulsar binaries listed for the SMC, all of which are  This work made use of software and data provided by
either high mass or transient and are therefore likely to be high-the High-Energy Astrophysics Archival Research Center
mass systems. We cannot say whether these newly discovere(HEASARC) located at the NASA Goddard Space Flight Cen-
ter. The authors express their thanks to the referee for helpful

4 See http://[gammaray.msfc.nasa.gov/batse/pulsar/asm.pulsars.html. comments.
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