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ARECIBO PULSAR SURVEY USING ALFA. I. SURVEY STRATEGY AND FIRST DISCOVERIES
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ABSTRACT

We report results from the initial stage of a long-term pulsar survey of the Galactic plane using the Arecibo L-band
Feed Array (ALFA), a seven-beam receiver operating at 1.4 GHz with 0.3 GHz bandwidth, and fast-dump digital
spectrometers. The search targets low Galactic latitudes, |b| < 5°, in the accessible longitude ranges 32° < ¢ < 77° and
168° < ¢ < 214°. The instrumentation, data processing, initial survey observations, sensitivity, and database man-
agement are described. Data discussed here were collected over a 100 MHz passband centered on 1.42 GHz using a
spectrometer that recorded 256 channels every 64 us. Analysis of the data with their full time and frequency resolutions
is ongoing. Here we report the results of a preliminary, low-resolution analysis for which the data were decimated to
speed up the processing. We have detected 29 previously known pulsars and discovered 11 new ones. One of these,
PSR J1928+1746, with a period of 69 ms and a relatively low characteristic age of 82 kyr, is a plausible candidate for
association with the unidentified EGRET source 3EG J1928+1733. Another, PSR J1906+07, is a nonrecycled pulsar in
arelativistic binary with an orbital period of 3.98 hr. In parallel with the periodicity analysis, we also search the data for
isolated dispersed pulses. This technique has resulted in the discovery of PSR J0628+09, an extremely sporadic radio
emitter with a spin period of 1.2 s. Simulations we have carried out indicate that ~1000 new pulsars will be found in our
ALFA survey. In addition to providing a large sample for use in population analyses and for probing the magnetoionic
interstellar medium, the survey maximizes the chances of finding rapidly spinning millisecond pulsars and pulsars in
compact binary systems. Our search algorithms exploit the multiple data streams from ALFA to discriminate between
radio frequency interference and celestial signals, including pulsars and possibly new classes of transient radio sources.

Subject headings: pulsars: general — pulsars: individual (PSR J0628+09, PSR J1906+07, PSR J1928+1746) —

surveys
Online material: color figures

1. INTRODUCTION

Radio pulsars continue to provide unique opportunities for
testing theories of gravity and probing states of matter that are
otherwise inaccessible (Stairs 2003; Kramer et al. 2004). In
large samples, they also allow detailed modeling of the mag-
netoionic components of the interstellar medium (e.g., Cordes
& Lazio 2002; Han 2004) and the Galactic neutron star popu-
lation (Lorimer et al. 1993; Arzoumanian et al. 2002).
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For these reasons, we have initiated a large-scale pulsar survey
that aims to discover rare objects especially suitable for their
physical and astrophysical payoffs. Of particular importance are
pulsars in short-period relativistic orbits, which serve as im-
portant tools for testing gravitational theories in the strong-field
regime. Our survey parameters and data processing are also de-
signed to find millisecond pulsars (MSPs). MSPs with ultra-
stable spin rates can be used as detectors of long-period (R years)
gravitational waves (e.g., Lommen & Backer 2001; Wyithe &
Loeb 2003; Jenet et al. 2004), while submillisecond pulsars (if
they exist) probe the equation of state of matter at densities sig-
nificantly higher than in atomic nuclei. Long-period pulsars
(P 25 s) and pulsars with high magnetic fields are also of in-
terest with regard to understanding their connection, if any, with
magnetars (Woods & Thompson 2006) and improving our under-
standing of the elusive pulsar radio emission mechanism. In ad-
dition, pulsars with especially large space velocities, as revealed
through subsequent astrometry, will help constrain aspects of the
formation of neutron stars in core-collapse supernovae (e.g., Lai
et al. 2001). Finally, multiwavelength analyses of particular ob-
jects will provide further information on how neutron stars interact
with the interstellar medium, on supernovae-pulsar statistics, and
on the relationship between high-energy and radio emission from
neutron stars.

The new survey is enabled by several innovations. First is
ALFA,' a seven-beam feed and receiver system designed for
large-scale surveys in the 1.2—1.5 GHz band. The 1.4 GHz

4 Arecibo L-band Feed Array information is available at http://alfa.naic.edu.
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Fig. 6.—Theoretical minimum detectable flux density (Smin) vs. P for dif-
ferent values of DM. Short-dashed lines: Coarse-resolution PALFA data ana-
lyzed with the quick-look software that led to the discoveries reported in this
paper. Long-dashed lines: The Parkes Multibeam Survey, which used 96 channels
across 288 MHz and 250 us sampling for scan durations of 2100 s. Solid lines:
Full-resolution PALFA data. For each set of curves, DM values from the lowest
to the highest curve are 1, 200, 500, and 1000 pc cm~>. The break point at
P ~ 10 ms for the solid curves occurs because we assume that the intrinsic pulse
duty cycle scales as P~"? with a maximum of 0.3, which occurs at this period.
Above 10 ms, the number of harmonics contributing to detections increases
from 1 to 16 (the maximum searched) as the duty cycle gets smaller. A threshold

of 10 o is used. [See the electronic edition of the Journal for a color version of

this figure.)

products and database mining tools, accessible through a data
gateway.18

3.4. Search Sensitivity

Data taken in our preliminary survey dwell on particular sky
positions for 134 s for the inner Galaxy and 67 s for anticenter
directions. The minimum detectable flux density Sp,;, for PALFA
with these parameters is a factor of 1.6 smaller than for the PMB
survey, implying a maximum distance Dinax oS-/ about 1.3
times larger for long-period pulsars. The sampled volume on axis
is accordingly about a factor of 2 larger for long-period pulsars.
In our full-resolution analysis, the volume increase is even larger
for small periods, owing to the smaller PALFA channel widths
and the shorter sample interval. For P < 10 ms, the searched vol-
ume increase can be a factor of 10 or more.

Figure 6 shows idealized plots of Sy, versus P for four val-
ues of DM (from 1 to 10° pc cm~%), using postdetection dedi-
spersion followed by a standard Fourier analysis with harmonic
summing. The values of Sy, include the effects of radiometer
noise and pulse smearing from instrumental effects combined
with dispersion and scattering in the interstellar medium using
the “NE2001” electron density model (Cordes & Lazio 2002).
Scattering has been calculated in the model for the particular
direction b = 0° and £ = 40°. Directions at higher latitudes will
show less scattering and better sensitivity for large values of
DM. The results are also based on the assumption that pulse
amplitudes are constant over the observation time that spans

'® Cornell Theory Center data archive information is available at http://
arecibo.tc.cornell.edu.

ARECIBO ALFA PULSAR SURVEY. L 451

many pulse periods, which is obviously an idealization. Our
calculations for the PMB survey do not include high-pass fil-
tering in both hardware and software that degrades the sensi-
tivity to long-period pulsars (see Manchester et al. 2001). No
high-pass filtering is done in our analysis, either in hardware or
in software. We emphasize that the curves in Figure 6 should be
interpreted as lower bounds on the true values of Sy, because
real-world effects such as RFI and receiver gain variations will
raise the effective threshold of the survey. Our quick-look analysis
described above, which analyzes data after decimation in time
and frequency, has detection curves about 60% more sensitive
than those for the PMB survey except for P < 10 ms, for which
the large sampling time of the quick-look analysis significantly
degrades the sensitivity.

4. INITIAL RESULTS

For our preliminary survey observations carried out between
2004 August and October, we have used 17.1 hr of telescope
time for 919 pointings in the Galactic anticenter and 32.2 hr for
865 pointings in the inner Galaxy, covering 15.8 and 14.8 deg?
in each region, respectively. These numbers and their graphical
presentation in Figure 7 were obtained using the MySQL data-
base. Table 1 lists the 11 new pulsars that we have found so far.
Table 2 lists the detection statistics of 29 previously known
pulsars also seen in the quick-look analysis pipeline. Not in-
cluded here is a detection of the 1.55 ms pulsar B1937+21,
which was undetected due to the coarse time resolution of the
quick-look pipeline. The pulsar was, however, easily detected
when the raw data were folded at their full resolution. The high
time-resolution data pipeline mentioned above will allow de-
tection of any MSPs missed in the quick-look analysis.

4.1. General Remarks

Four of the pulsars discovered in the inner Galaxy (J2009+33,
J2010+32, J2011+33, and J2018+34) are in the northernmost
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Fic. 7.—Regions of the Galactic plane surveyed with PALFA to date,
showing the Galactic anticenter region (fop) and inner Galactic plane (bottom).
Dots denote the pointing centers of each seven-beam cluster, and filled circles
show newly discovered pulsars, while the open circles designate previously
known pulsars.
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TABLE 1
PuLsars Discoverep IN THE PALFA PRECURSOR SURVEY

RA. Decl. P DM

PSR (12000.0)  (72000.0) (ms)  (pccm™)  (S/N)  SP? Comments
J0540+32........... 05 40 38 +32 02 19 524 120 36 Y Strong, sporadic single pulses
J0628+09........... 06 28 49 +09 09 59 1241 88 ... Y Discovered as S/N = 40 single pulses
J1901+06........... 19 01 36 +06 09 36 832 162 14 Y
J1904+07.. 19 04 09 +07 39 41 209 275 15 Y Strong, sporadic
J1905+09........... 19 05 16 +09 01 22 218 452 14 N
J1906+07...... . 19 06 51 +07 49 01 144 217 11 N Interpulse; original detection at 72 ms; binary with Py, = 3.98 hr
J1928+1746....... 19 28 43 +17 46 23 69 174 19 N First ALFA pulsar; flat spectrum
J2009+33........... 20 09 39 +33 25 58 1438 254 13 N Sporadic
J2010+32........... 20 10 21 +32 30 22 1442 350 23 N
J2011+33........... 20 11 47 +33 2149 932 300 30 Y Sporadic
J2018+34........... 20 18 54 +34 32 44 387 226 24 Y

Notes.—R.A. and Decl. are the right ascension and declination for the center of the beam where the pulsar was found. Units of right ascension are hours, minutes, and
seconds, and units of declination are degrees, arcminutes, and arcseconds. Typical half-width uncertainty in pulsar position is one beam radius (about 1.6) in both
coordinates, except for PSR J1928+1746. The expression DM is the DM value at which the search algorithm identified the pulsar with maximum S/N, and (S/N) is the
S/N of the averaged pulse shape. SP? denotes whether or not individual pulses from this pulsar were detected in the single-pulse search.

region detectable from Arecibo; all of these have DMs between
220 and 350 pc cm 3. Some, if not all, of these objects are pos-
sibly associated with the Cygnus region, where a large number
of supernovae will have produced many relatively young pul-
sars (e.g., Vlemmings et al. 2004 and references therein). Four

additional objects (J1901+06, J1904+07, J1905+09, and J1906+07)
are in the southernmost region visible from Arecibo, where the den-
sity of pulsars is known to be higher. This region was previously
covered by the PMB survey, suggesting that our precursor survey
indeed already surpasses the depth of the PMB survey when a

TABLE 2
PreviousLy KNowN PuLsars DETECTED IN THE PALFA PRECURSOR SURVEY

P DM DM S1400 A§

PSR (ms) (pc cm™3) (pc cm™3) (mJy) (S/N) (arcmin) SP?
J0631+1036....ccceveneneee 287 125 148 0.8 76 6.7 Y
J1855+0307....ccvceirennne 845 403 410 0.97 40 3.2 Y
B1859+07..cocvieiiienee 644 253 282 0.9 42 2.3 Y
B1903+07.....coeeiinnne 648 245 226 1.8 161 0.6 Y
B1904+06........ccceereenne 267 473 508 1.7 82 2.4 Y
J1904+0800.......ccocccvenennee 263 439 424 0.36 17 2.0 N
J1905+0616.........c.coveeueneee 990 258 283 0.5 41 1.8 Y
J1906+0912. 775 265 240 0.32 12 5.4 Y
J1907+0740....cccciienne 557 332 353 0.41 20 2.3 Y
J1907+0918....cvcviinne 226 358 353 0.29 18 4.7 N
B1907+10...c.ccoiiiiinnene 284 150 198 1.9 57 1.9 Y
J1908+0734......ooveene 212 11 46 0.54 13 1.1 Y
J1908+09009........ccoveeenne 336 468 452 0.22 48 1.7 N
J1910+0714 2712 124 106 0.36 14 1.8 Y
B1913+10.... 404 242 240 1.3 30 44 Y
J1913+1000. 837 422 452 0.53 26 1.7 Y
J1913+1011. 35 179 170 0.50 10 2.7 N
B1914+13 . 282 237 219 1.2 150 1.8 Y
B1915+13 e 195 95 103 1.9 74 2.3 Y
BI916+14....cooiiiins 1181 27 28 1.0 18 3.0 Y
BI1919+14.....ooiiiiis 618 92 74 0.7 41 0.5 Y
B1921+17.... 547 143 177 13 3.0 N
B1925+188.. 298 99 166 A 19 1.9 N
B1929+20.... 268 211 205 1.2 19 3.0 N
B1952+29.....cciiiiie 427 8 18 8.0 88 3.7 Y
J19574283 1. 308 139 163 1.0 54 1.6 Y
B2000+32......cooiiiiiinne 697 142 184 1.2 43 2.2 Y
J2002430...cccicieeenee 422 196 184 A 24 1.2 N
B2002431 ... 2111 235 197 1.8 88 33 Y

Nortes.— Pulsar parameters P, DM, and S}409 are from the ATNF pulsar database (Manchester et al. 2005). The expression DM
is the DM value at which the search algorithm identified the pulsar, (S/N) = S/N of the averaged pulse shape, and A6 is the angular
distance from the nearest beam centroid in which the pulsar was detected. SP denotes whether or not individual pulses from this pulsar

were detected in the single-pulse search.
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conventional pulsar search analysis is done. Subsequent to our
discovery, J1906+07 was identified in the acceleration search out-
put of the PMB data (Lorimer et al. 2006).

All previously known pulsars were detected in our pointings
if they were within one beam radius of one of the ALFA beams.
In addition, we detect some strong pulsars several beam radii
from the nearest beam center. A coarse analysis suggests that
our detection rate is consistent with what we expect from the
sparse-sampling strategy discussed earlier, based on simulations.
A detailed analysis will be done as we continue the survey.

The single-pulse search analysis is notably successful in detect-
ing six out of 11 of the new pulsars and 21 out of 29 of the known
pulsars. These statistics are consistent with the fact that the known
pulsars tend to be stronger than our new detections. The single-pulse
analysis is valuable both for corroborating candidate detections
from the periodicity analysis and, as we have shown in the case
of J0628+09, for identifying pulsars that are missed in the pe-
riodicity search, owing to the intermittency of their pulses.

4.2. PSR J1928+1746

The first pulsar discovered in the ALFA survey, PSR J1928+
1746, also has the shortest period among the pulsars discovered
so far: P = 68.7 ms. While time for follow-up observations
on this and the other pulsars discovered has so far been limited,
we have made some multifrequency and timing observations
of PSR J1928+1746. Using the TEMPO'® software package
to analyze 83 arrival times from PSR J1928+1746 spanning a
257 day baseline, we obtain the results presented in Table 3. The
timing model implies that PSR J1928+1746 is a young isolated
pulsar with a characteristic age 7. = P/2P = 82 kyr, a surface
magnetic field strength B = 3.2 x 10‘9(PP) 126G =0.6x 10''G
(assuming a dipolar field), and a spin-down energy loss rate E=
IQO = 1.6 x 10°°I45 ergs s~ (where = 27P-1 and Iys is the
moment of inertia in units of 10* g cm?).

Multifrequency observations from 1.1 to 9 GHz, shown in
Figure 8, suggest that the radio spectrum is nearly flat, S, o
pt02£03 "The quoted error reflects empirical departures from

"9 TEMPO software package information is available at http:/pulsar
.princeton.edu/tempo.

TABLE 3
OBSERVED AND DERIVED PARAMETERS FOR PSR J1928+1746

Parameter Value
R.A. (J2000.0) oot 1982842348 (4)
Decl. (J2000.0)...cvemeeiireeieeeiieieiee e 17°46'27" (1)
Spin period, P (IMS) ...coeveereeerieieeenieeeeriseseeeeeeeeeneseenens 68.728784754 (1)
Period derivative, P ........ooooeeeeeeeeeeeeeeeeeeeeeseeeeseeeseeeenes 1.3209 (5) x 104

Epoch (MJD) ...cccooviiiiiiiiiiiiccccccccceeees 53448.0
Dispersion measure, DM (pc ¢m ™) ......ooccoovorruerrirrennne. 176.9 (4)
Flux density at 1400 MHz, S1400 (MJY).eeveevvieinieieiinnne. 0.25
Surface magnetic field, B (Gauss)......ccccoeverveererveeneennnn 9.6 x 10"
Characteristic age, 7. (kyr) .............................................. 82
Spin-down luminosity, £ (ergs s™1) .o.coovorvorreerrererans 1.6 x 10%
DM Distance (NE2001), D (KPC) .vevevvrveirieieieieirienes ~6

Radio luminosity at 1400 MHz, Sy400D? (mJy kpc?)..... ~9

Nortes.—Since the timing data collected so far span only 257 days, the phase-
connected timing solution should be viewed as preliminary. The figures in
parentheses give the uncertainties in the least-significant digits quoted. To be
conservative, these are calculated by multiplying the nominal 1 &« TEMPO
standard deviations by an ad hoc factor of 10. The DM distance is calculated using
the NE2001 electron density model for the Galaxy (Cordes & Lazio 2002).

ARECIBO ALFA PULSAR SURVEY. L 453

J192B+1746 |

Flux Density (normalized)
(Apwr) £yisus( xnig

0 0.2 0.4 0.6 0.8 1
Pulse Phase (cycles)

Fic. 8.—Pulse profiles for PSR J1928+1746 at five frequencies from 1.2 to
8.9 GHz obtained with integration times of 135, 4173, 804, 900, and 106 s, from
low to high frequency. The flux density scale on the right-hand side is accurate
to approximately 20%.

the fit and thus includes any systematic calibration errors or
random errors from scintillations. Estimates of the flux densi-
ties are coarse because we have simply scaled the S/Ns of the
average pulse amplitudes and used typical values for the gain
and system temperature. The flux densities at the higher two
frequencies are likely to be influenced by modulations from in-
terstellar scintillation (based on DM and the likely distance).
High-frequency surveys are naturally biased toward the dis-
covery of objects with flatter spectra than surveys at lower fre-
quencies. In addition, young pulsars appear to have flatter spectra
(Lorimer et al. 1995), so high-frequency surveys of the Galactic
plane will be less biased against them. PSR J1928+1746 appears
to be a prototype flat-spectrum object, of which we can expect
to find more in our survey.

As shown in Figure 9, PSR J1928+1746 lies well within the
localization map for the unidentified EGRET source 3EG J1928+
1733. The EGRET source shows significant variability ( Torres
etal. 2001) that is indicative of a blazar, but has a photon index,
I' =2.23 £ 0.32, not inconsistent with those of known pul-
sars. If PSR J1928+1746 is the radio pulsar counterpart to 3EG
J1928+1733, then the implied efficiency for conversion of spin-
down energy into gamma rays is ), = L,/E = 22%X).,(d/6 kpe)?,
where (), is the solid angle (in steradians) swept out by the pulsar’s
beam, and a photon index of —2 is assumed for the gamma-ray
spectrum. While the nominal efficiency is higher than that of
any of the confirmed gamma-ray pulsars (Thompson et al. 1999),
we note that the above calculation is strongly dependent on the
uncertain beaming fraction and on the DM-derived distance to
PSR J1928+1746 of 6 kpc. In addition, the flux measurement
used to calculate the efficiency from the 3EG catalog (Hartman
etal. 1999) is the largest (and most significant) value, so the im-
plied efficiency should be viewed as an upper bound. Two other
young pulsars recently discovered within EGRET error boxes,
J2021+3651 (Roberts et al. 2002) and J2229+6114 (Halpern
et al. 2001), have similarly high inferred efficiencies. These pul-
sars will be excellent future targets for the Gamma-Ray Large
Area Space Telescope (GLAST).
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Fic. 9—EGRET localization test statistic of the high-energy gamma-ray
source 3EG J1928+1733 (Hartman et al. 1999). Contours delimit probability
regions, from innermost to outermost, of 50%, 68%, 95%, and 99% for the
location of the gamma-ray emission. In addition to PSR J1928+1746, which lies
close to the center, we also show the next nearest pulsar, J1930+1852, previously
advanced (Camilo et al. 2002) as a possible counterpart to 3EG J1928+1733,
even though it lies outside the 99% contour. [See the electronic edition of the
Journal for a color version of this figure.]

4.3. PSR J1906+07

PSR J1906+07 was initially attributed a spin period half of its
actual value, owing to the presence of its interpulse. Very re-
cently, this object has been found to be a binary pulsar by com-
paring the parameters in Table 1 with entries in the PMB database
and by making new observations at Jodrell Bank. The orbital
period is 3.98 hr, the eccentricity is 0.085, and its projected or-
bital semimajor axis is ¢; sin i = 1.42 It-s, yielding a mass func-
tion of 0.11 M. Discovery of the binary nature of this source
and a discussion of its properties may be found in Lorimer et al.
(2006).

The discovery of PSR J1906+07 underscores the power and
great potential of PALFA surveys for finding binary pulsars.
The large sensitivity of the Arecibo telescope allows us to use
integration times short enough so that many binaries will be
detected without recourse to acceleration searches, as has been
necessary with the PMB survey. Acceleration searches lead to a
greater number of statistical trials that, in turn, require a higher
detection threshold to minimize the number of ““false-alarm”
detections.

4.4. PSR J0628+09

Many pulsars show large modulations of the pulsed flux
density. In some cases, it is easier to detect single pulses than the
periodicity in a Fourier analysis (Nice 1999; McLaughlin &
Cordes 2003). In our quick-look analysis, most of the known
pulsars and three of the pulsars discovered in the periodicity
search (J0540+32,J1904+07, and J2011+33) appear strongly in
the single-pulse search and less so for three other pulsars. Some
single pulses of PSR J1904+07 are detected with S/N ~ 36, more
than twice that found by the periodicity search. PSR J0628+09
was discovered only by the detection of its very sporadic single
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pulses, some of which have peak S/N ~ 100. The discovery
data set had only three large pulses in a 67 s scan, too few to
allow the pulsar’s detection in the periodicity search. A periodicity
of 2.48 s was determined from the arrival times of those pulses.
Subsequent observations with a greater number of strong pulses
and an above-threshold detection in the periodicity analysis have
allowed us to determine the true period of 1.24 s.

The discovery of PSR J0628+09 clearly demonstrates the
importance of single-pulse searches. As shown in Figure 5, these
searches are enabled by the simultaneous measurements in mul-
tiple beams, which allow discrimination between RFI and celes-
tial events. Extrapolating from the present sample to the whole
survey, we can expect to find a significant number of pulsars
through their single pulses and not through their periodicity. The
analysis also may detect radio transients from nonpulsar objects, a
plausible outcome given the recent discovery of a transient radio
source in the direction of the Galactic center (Hyman et al. 2005)
and a number of other transient radio sources found in a single-
pulse analysis of the PMB survey (McLaughlin et al. 2006).

5. FUTURE PLANS AND EXPECTATIONS

We have described the initial stages of a large-scale survey
for pulsars using ALFA, the seven-beam system at the Arecibo
Observatory that operates at 1.4 GHz. Our discovery of 11 pul-
sars from precursor observations—using a preliminary data
acquisition system that sampled only one-third of the available
bandwidth followed by a quick-look analysis—is extremely
encouraging. A new spectrometer that uses the full bandwidth
will become available within the next year. The full data pro-
cessing pipeline, now under development, will have excellent
sensitivity to MSPs and is expected to yield further pulsar dis-
coveries in our existing data. This pipeline will include masking
of RFI in the frequency-time plane prior to dedispersion, a new
matched-filtering search algorithm for events that have a broader
range of frequency-time signatures than those encountered for
pulsars, and compensation for acceleration in binary systems.

In the near future, we expect to begin regular timing programs
on several telescopes to obtain precise determinations of the spin
and astrometric parameters of these pulsars and others that will be
discovered. The full survey will take more than 5 years, depending
largely on the allocation of telescope time. Numerical models of
the pulsar population, calibrated by results from the PMB survey
and incorporating measured characteristics of the ALFA system,
suggest that as many as 1000 new pulsars will be discovered.

The raw data from the search, as well as the data products from
the search analysis, will be archived and made available to the
broader community viaa Web-based portal. Initially, the database
system will enable our own mining of the data for new pulsars
and perhaps other astrophysical signals. Later, we expect the
system to provide opportunities for multiwavelength searches,
such as identification of radio counterparts to X-ray sources or
to candidate gamma-ray pulsars seen in data from GLAST.
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