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ABSTRACT

We have detected an 18.7 s accreting X-ray pulsar in the Cygnus region, using the BATSE large-area detec-
tors on the Compton Gamma Ray Observatory. GRO J1948 +32 has been localized to within 10 deg® using a
method we developed for positioning weak pulsed sources with BATSE. During the 33 day outburst, the
phase-averaged 20-75 keV pulsed flux rose from 25 mCrab to 50 mCrab over 10 days and then decayed
below our detection threshold over nearly 25 days. A photon spectral index of y = 2.65 &+ 0.15 (assuming
photon flux density dN/dE oc E”?) was measured during a bright interval. The observed modulation of the
neutron star’s pulse frequency is suggestive of orbital variation over less than one orbit cycle. Assuming a
constant spin frequency derivative over the outburst, we can place the following individual 95% confidence
limits on each of the pulsar parameters: orbital period 35¢ < P, < 70%; orbital radius 75 It-sec < a,
sin i < 300 It-sec, eccentricity e < 0.25, spin frequency derivative 5 x 1073 Hzs ! <v <25 x 1071 Hzs™ !,
X-ray mass function 0.5 My < f(M) <5 M. As the stellar type of the mass-providing companion is still not
known for this source, we briefly speculate on the nature of mass transfer in this system.

Subject headings: pulsars: individual: (GRO J1948 + 32) — pulsars: individual: (GRO J2014 + 34) —

X-rays: stars

1. INTRODUCTION

Since the discovery of pulsations from Centaurus X-3 over
20 yr ago (Giacconi et al. 1971), more than 30 accretion-
powered X-ray pulsars have been detected (see Nagase 1989).
Nearly half of these pulsars are transient sources which were
discovered during bright outbursts. However, due to incom-
plete and nonuniform sky coverage, the population and recur-
rence history of these transients is poorly determined. The
Burst and Transient Source Experiment (BATSE) on the
Compton Gamma Ray Observatory (GRO) has provided a
nearly continuous all-sky monitor of pulsed hard X-ray (=20
keV) emission since its launch in 1991 April (Prince et al. 1994).
On 1994 April 6 BATSE first detected 18.7 s pulsed hard X-ray
emission from a previously unknown source in the Cygnus
region of the Galactic plane (Finger et al. 1994). The source
was detected at energies as high as 75 keV and reached phase-
averaged pulsed intensities ~50 mCrab® in the 20-75 keV
band during the 33 day outburst. BATSE data taken prior to
1994 April fail to show any pulsed emission near 18.7 s from
this region of the sky, indicating that the new source is tran-
sient or at least highly variable.
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In this paper, we present a detailed analysis of the BATSE
observations of GRO J1948 + 32 as well as a refined estimate
(10 deg? solid angle with 99% confidence) for its position. The
approximate Galactic coordinates of the source are I ~ 65°,
b ~2° A preliminary position estimate for the source
(originally designated GRO J2014 + 34) yielded a 68% con-
fidence error circle with 8° radius, corresponding to a solid
angle of 200 deg? (Finger et al. 1994). Further observations
yielded an improved position with a 90% confidence error box
covering a solid angle of 15 deg? and led to a redesignation of
the source as GRO J1948 + 32 (Chakrabarty et al. 1994). A
preliminary search of the brightest sources in this region in
archival data from the ROSAT/PSPC soft X-ray (0.1-2.4 keV)
all-sky survey failed to detect any pulsed sources with a similar
pulse period (Kahabka et al. 1994). A 6° x 6° optical R-band
plate of the region was obtained during the X-ray outburst,
using the Palomar Observatory 1.2 m Oschin Schmidt tele-
scope (I. N. Reid 1994, private communication). Comparison of
the 10 deg? source error box on this plate with archival plates
from the Palomar sky survey (Reid et al. 1990) may aid in the
identification of the optical companion.

2. OBSERVATIONS AND ANALYSIS

BATSE is an all-sky monitor of 20 keV-1.8 MeV y-ray flux
(see Fishman et al. 1989 for a description). Our standard detec-
tion and timing analysis uses the 20-60 keV channel of the
1.024 s resolution DISCLA data type (Chakrabarty et al. 1993).
GRO J1948 + 32 was initially detected in a routine search of
the Fourier power spectra of these data for 1994 April 7. Once
the source was discovered, a systematic search of the entire
BATSE DISCLA data archive from 1991 April 22 to 1994
November 9 (MJD 48369-49665) was made. The Fourier
power spectrum of the data for each day (optimized for the
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source direction) was searched for a statistically significant
pulsed signal with a pulse period in the range 18.6s < P, <
18.8 s. The only detections were during the outburst, from 1994
April 6 to May 12 (MJD 49448-49482). The detection thresh-
old for this analysis was ~25 mCrab (20-60 keV).

For those days where a significant signal was detected in the
DISCLA data, the CONT data (20 keV-2 MeV count rates, in
16 energy channels at 2.048 s resolution) were also analyzed.
The raw data were preprocessed using the orbital background
and bright source occultation model developed by Rubin et al.
(1993). Pulse profiles for each of the 16 channels in the
background-subtracted CONT data were generated from 2
day folds of the time series corresponding to the outburst. Only
data from the detector with the smallest viewing angle to the
source were used.

In order to simplify estimation of the measurement uncer-
tainties, we used a single-harmonic model for the pulse to
obtain phase-averaged pulsed-component count rates from
these pulse profiles. For GRO J1948 + 32, a single-harmonic
model systematically underestimates the pulsed intensity by
25%, due to the small but significant nonsinusoidal com-
ponent of the pulse shape. We corrected all of the measured
pulsed count rates for this factor. Goodman (1985) gives the
probability distribution p(a|s, n) for the measured harmonic
amplitude a given a signal amplitude s and noise strength n.
We used Bayes’s theorem to invert this function to obtain the
probability distribution p(s|a, n) for the signal amplitude,
allowing an estimate of the pulsed count rate in a noisy pulse
profile.® These count rates are well fitted by assuming a power-
law photon spectrum of the form dN/dE = C;,(E/30 keV)™?
and accounting for the BATSE instrumental response. Fluxes
for the individual channels are obtained by folding the best-fit
values of C;4 and y through the BATSE instrumental response.
(See Heindl et al. 1993 for a detailed discussion of the pro-
cedure for converting count rates to fluxes.) The unpulsed flux
of GRO J1948 + 32 was too faint (< 100 mCrab) to be detected
using the standard Earth occultation technique described by
Harmon et al. (1993).

All the 2 day folds of the background-subtracted CONT
data over the outburst yielded statistically significant pulsed
flux detections in channels 1-4 (approximately 20-75 keV),
and several folds yielded detections in channel 5
(approximately 75-100 keV). Figure 1 shows the 20-75 keV
pulsed flux history of the outburst. (If significant channel 5
contributions were to be included in this plot for the appropri-
ate segments, the quoted fluxes would change by less than
10%.) The pulsed flux increased from (2.2 + 0.5) x 107° ergs
cm™ 2571 to (4.9 £ 0.5) x 107 1% ergs cm ™2 s~ ! over 10 days
before decaying to the minimum detectable level over 25 days.
The photon spectral index for these 2 day fits had a mean value
{y) =229 + 0.08, with individual values varying between
1.25 + 0.35 and 2.82 + 0.39. There was not a statistically sig-
nificant correlation of the spectral index with either time or
pulsed intensity.

6 We assumed a prior probability p(s) = constant; see de Jager (1994) for a
discussion of the strengths and weaknesses of this choice. For a > n, p(s|a, n) is
approximately a Gaussian centered at s =a with an associated 1 ¢ error
defined by the symmetrical 68% confidence interval of the distribution. In this
case, the computed flux is not sensitive to the choice of prior, and the Bayesian
result is identical to that obtained with other methcds commonly employed at
high signal-to-noise. However for a < n, the distribution is highly skewed and
peaks near s = 0. In such cases, we quoted a 2 ¢ upper limit s, on the count
rate, implicitly defined by [§'p(s| a, n)ds = 0.95.
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F1G. 1.—Pulse-phase-averaged 20-75 keV pulsed flux history of GRO
J1948 + 32. The vertical bars show the 1 ¢ uncertainties in the flux measure-
ments.

It is advantageous to phase-connect longer intervals of data
in order to probe the high-energy spectrum of the source.
However, as the spacecraft orientation of GRO is changed
(which happens at ~ 10 day intervals), different detectors will
have the best source viewing angle. Because the effective area
of the BATSE detectors is a very sensitive function of energy
and viewing angle in the 20-100 keV range and since each
detector has slightly different energy channel edges, it is diffi-
cult to produce count spectra from data combined over more
than one pointing. There were three different GRO pointings
during the outburst, each with a different best viewing angle to
the source: 22°8 for detector 7 on MJD 49448-49461, 3°6 for
detector 0 on MJD 49462-49468, and 26° for detector 6 on
MIJID 49468-49482. There was no statistically significant
change in the source spectral index during these three point-
ings. Figure 2 shows the measured spectrum during the bright
pointing with the most favorable viewing angle, MJD 49462—
49468. The left panel shows the measured pulsed count spec-
trum from a 7 day fold across this interval, and the right panel
shows the inferred source photon spectrum assuming a power-
law spectral model. In determining upper limits for the flux in
the higher channels, no assumption was made about the phase
relationship with the pulsed component in the lower channels.
The pulse profiles for this interval as a function of energy are
shown in Figure 3. For display purposes, these profiles are
about twice-overresolved. The best-fit 20-120 keV power-law
spectral parameters for the phase-averaged pulsed component
during this interval are y = 2.65 + 0.15 and C;o = (3.4 + 0.2)
x 10~ % photonscm ™25~ ' keV 1.

The crosses in Figure 4 denote the pulse frequency history
observed by BATSE. The quasi-sinusoidal variation may be
due to orbital motion of the source; if so, a complete orbital
cycle has not yet been observed. Consequently, it is not pos-
sible to reliably decouple orbital effects from variations in the
intrinsic spin period due to accretion torques, and the orbital
parameter estimates remain highly correlated. A wide range of
degenerate solutions exist which provide a good fit to the data
(solid curve in Fig. 5). However, it is possible to constrain the
allowed parameter space. If we assume a circular orbit and a
constant spin frequency derivative, then the following 95%
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FI1G. 2.—(a) The phase-averaged pulsed count rate spectrum of GRO J1948 + 32 for MJD 49462-49468, measured with BATSE large-area detector 0. The viewing
angle to the source was 3°. The vertical bars show the 1 ¢ statistical uncertainties, while the horizontal bars show the widths of the energy channels. Upper limits are
quoted at 95% confidence. (b) The corresponding phase-averaged pulsed photon spectrum, corrected for the BATSE instrumental response and the source viewing
angle. The solid line shows the best-fit power law photon spectral model (y = 2.65, C3, = 3.4 x 10 photonscm ™2 s~ ! keV 1),

confidence limits can be placed: orbital period 35¢ < P, <

444; orbital radius 95 lt-sec < a, sin i < 165 It-sec; spin fre-
quency derivative 2 x 10712 Hzs ' <v <6 x 10712 Hzs™ 1,
X-ray mass function 0.7 Mg < f(M) < 2.3 M. If we permit
eccentric solutions, the allowed 95% confidence parameter
ranges are broader: eccentricity e < 0.25; orbital period 35¢ <

P, < 70%; orbital radius 75 It-sec < a, sin i < 300 It-sec; spin
frequency derivative 5 x 10712 Hzs ! < v < 2.5 x 107! Hz
s~!; X-ray mass function 0.5 My <f(M) < 5 M. It should
be noted that these ranges are the individual confidence
regions for each of the parameters separately, computed by
allowing all the other parameters to vary.

A revised position estimate for GRO J1948 + 32 was made
using the method described in the Appendix with the 20-60
keV DISCLA data for MJD 49448-49482. The frequency,
amplitude, and phase of the pulsed signal were assumed con-
stant for each day but were allowed to vary from day to day.
We computed the likelihood function for an 8° x 12° grid of
positions, spaced by 0°5 and centered at an earlier position
estimate (Chakrabarty et al. 1994). The formal confidence con-
tours were calculated by interpolation between the grid points.
These are shown in Figure 5, along with the earlier estimate by
Chakrabarty et al. (1994) for comparison.

3. DISCUSSION

GRO J1948 + 32 is certainly a neutron star; the lower limit
on the spin frequence derivative exceeds, by an order of magni-
tude, the maximum possible spin-up rate for a white dwarf
pulsar (6 x 10™'* Hz s~ ! for accretion at the Eddington criti-
cal rate, assuming radius R, = 10° cm, mass M, = 1.4 M,
and spin period Py, = 18.7 s). If we assume steady spin-up
over the outburst duration, we can further exploit our lower
limit on v to infer that the total X-ray luminosity L, > 103¢

ergs s~ ' (Chakrabarty et al. 1993). The upper limit on v, which
is within a factor of 3 of the maximum spin-up rate for a
neutron star (6 x 10™'* Hz s ™! assuming R, = 10° cm, M, =
14 M, and P, = 18.7 s), corresponds to L, < 8 x 107 ergs
s~ 1. Since we have no measure of the bolometric X-ray flux, we
are unable to place useful limits on the distance to the source.

The nature of the mass transfer in this system is not clear.
The values of P, and P, are consistent with the correlation
generally observed in Be/X-ray binaries (Corbet 1986; Waters
& van Kerkwijk 1989), and the inferred mass function range is
also consistent with this classification. Unlike GRO
J1948 + 32, the known Be/X-ray binary systems are typically in
highly eccentric orbits (e 2 0.3), but this may be an observ-
ational selection effect. The system has some similarities to the
12.3 s transient X-ray pulsar GS 0834 —430, which has a wide,
mildly eccentric (e = 0.128 + 0.063), 112 day orbit with a small
mass function (Wilson et al. 1994). Both systems exhibit tran-
sient outbursts which last for a large fraction of the orbital
period, but both systems also go for multiple orbital cycles
without any detectable emission. (BATSE has observed only
one outburst from GRO J1948+32 despite greater than 18
orbital cycles of the pulsar since the launch of GRO.)
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Caltech’s Lee A. DuBridge Fellowship, funded by the Weingart
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F1G. 3.—Pulse profiles as a function of energy for GRO J1948 + 32, during the interval MJD 49462-49468. Two pulses are shown for each channel. The energy
edges for each CONT channel of BATSE detector 0 are indicated. These pulse profiles are overresolved by a factor of 1.7. Note that the pulse shapes are uncorrected
for the rapid change in detector response as a function of energy in the 20-100 keV range.
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FIG. 4—Pulse frequency history of GRO J1948 +32 from BATSE observations. The vertical bars show the 1 ¢ statistical uncertainties in the frequency
measurements, while the horizontal bars show the time interval over which each measurement was integrated. A wide range of orbital parameters can produce a
nearly identical model curve (solid curve).
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APPENDIX
BATSE LOCALIZATION OF FAINT PULSED SOURCES

BATSE can localize intense transient sources (e.g., gamma-ray bursts) to within & 5° accuracy by using the ratios of measured
intensities in the various incident detectors (Brock et al. 1992; Fishman et al. 1994). Bright persistent sources are localized more
precisely (~0°1) using Earth occultation edge measurements (Harmon et al. 1993; Zhang et al. 1994). Neither of these techniques is
directly applicable to sources like GRO J1948 + 32 which are too faint (<100 mCrab) to localize using standard occultation edge
techniques, even though their pulsed flux is detectable by integrating the data over some interval. For such sources, it is still possible
to extract spatial information from Earth occultations by using them to define the time intervals over which the pulsed signal is
integrated. The maximum Fourier power is used to determine the maximum-likelihood sky location, subject to the assumptions
discussed below.

To avoid complications due to uncertainties of the angular response calibration of the different detectors, we will restrict
ourselves to data from the single BATSE detector with the most favorable viewing angle to the source. For an assumed sky position
(o, 6) and pulse frequency v,, we first construct a sinusoidal model time series

M{A, ¢, a, 0) = A cos 2nvgt; + §)Wia, 9), (A1)

where A and ¢ are the amplitude and phase of the sinusoid, and Wj(a, 9) is a visibility window function whose value is taken to be
zero or unity depending upon the assumed source location and the spacecraft position with respect to the Earth. If we assume
Gaussian statistics for the observed data, then the probability of model {M} given an observed time series {S;} is

—(S, Mj)2/202

Pr—j[_:[1 \/_ ,

where o is the standard deviation of the background noise level, assumed to be constant over the integration. We can then write the
likelihood function

(A2)

1 N
L=2InPr=—— Z (S; — M))* + constant (A3)

i S; W cos 2mvgt; + ¢) — —22 i 7 cos? 2mvot; + @) , (Ad)
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where we have dropped the constant terms. Defining the duty fraction € = EW?/N = TW/N and the trial time series Q = S; W,

equation (A4) becomes

24 XY ; ; A X ; ., €NA?
L= _p2mivotjtiep w. 4nivotj+2ip __
0'2 j;I QJ ¢ 20'2 jgl J ¢ 20'2 (AS)
24 ., A . €NA?
= e g W =S (A9)

where § and Ware the discrete Fourier transforms of Q and W, respectively, and k is the frequency index corresponding to v,. Since
Wis dominated by harmonics of the spacecraft orbital frequency Varo < 2vg (Where 1/vgro & 93 minutes), we can generally assume
| Wy, | < €N and neglect the second term in equation (A6).
For a given sky position (a, §), the maximum-likelihood value is obtained by maximizing L with respect to 4, ¢, and v,,

210,
Loyla, 0) = NoZ = 2P(a, 6) , (A7)
where P, = | 0, |*/eNa? is the unity-normalized Fourier power at frequency v,. (The factor of € in the denominator of this definition
appears because a fraction 1 — € of the time series {Q;} has been set to zero.) If we define L, as the maximum value of L found by
varying all five parameters (4, ¢, vy, «, 6) and define L., as the maximum value of L found by varying only A4, ¢, and v, but holding
o and ¢ fixed at the (unknown) true coordinates of the source, then Cash (1979) has shown that the likelihood ratio statistic

AL = Lopt - Ltrue (A8)
= 2Popl - 2Ptrue (A9)
= 2AP (A10)

is distributed as a x* variable with two degrees of freedom, where we have assumed that the optimum and true coordinates are
within ~ 10° of each other so that €., = €, ~ €.

We now estimate the celestial coordinates of a periodic pulsed source of known frequency by computing L for a grid of trial
positions («, 4). The maximum-likelihood estimate for the source position is the grid point with the optimum L value. Confidence
intervals can be constructed using contours of Ay = AL = L,,, — L. A 90% confidence region corresponds to a contour of
Ay} = 4.6 while a 99% confidence region corresponds to a contour of Ay2 = 9.2 (Lampton, Margon, & Bowyer 1976). Multiple time
series can be treated in the same way. Each time series contributes an additional product series in equation (A2), or equivalently
additional terms in equation (A7). Thus, despite a larger aggregate value of L, the ratio statistic AL will still be distributed as y3.

This method implicitly assumes a constant sinusoidal signal and a constant Gaussian background over the entire interval of
interest. Since real data depart from this idealization, we expect that systematic errors will eventually limit the precision of the
technique. To estimate this limit, we studied DISCLA data from the recent bright outburst of the 3.6 s accreting pulsar 4U 0115 + 63
(Wilson, Finger, & Scott 1994). For the 20-60 keV channel, the background level varied between 1000 and 2000 counts s~ ! over the
spacecraft orbit. Using a location grid spacing of 0225 and 25 days of data, our estimated 99% confidence region was = 1° across,
centered on the true position of the source (which is known to within several arcseconds from optical astrometry of the companion).
Given the strength of the signal in these data, we will adopt 0°5 as the systematic precision limit of this technique with DISCLA
data.
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