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PSR J1740+1000: A YOUNG PULSAR WELL OUT OF THE GALACTIC PLANE

M. A. MCLAUGHLIN,! Z. ARZOUMANIAN,? J. M. CorDES,! D. C. BACKER,®> A. N. LoMMEN,? D. R. LORIMER,*
AND A. F. ZEPKA®

Received 2001 June 20, accepted 2001 August 30

ABSTRACT

We discuss PSR J1740+ 1000, one of five pulsars recently discovered in a search of 470 deg? at 430
MHz during the upgrade of the 305 m Arecibo Telescope. The period P = 154 ms and period derivative
P=21x10"'* s s™! imply a spin-down age 7, = P/2P = 114 kyr that is smaller than 95% of all
known pulsars. The youth and proximity of this pulsar make it a good candidate for detection at X-ray
and gamma-ray energies. Its high Galactic latitude (b = 20°4) suggests a very high velocity if the pulsar
was born in the midplane of the Galaxy and if its kinematic age equals its spin-down age. Interstellar
scintillations, however, suggest a much lower velocity. We discuss possible explanations for this discrep-
ancy, taking into account (1) possible birth sites away from the midplane; (2) contributions from the
unmeasured radial velocity; (3) a kinematic age different from the spin-down age; and (4) biasing of the
scintillation velocity by enhanced scattering from the North Polar Spur.

Subject headings: ISM: individual (North Polar Spur) — pulsars: general —

pulsars: individual (J1740 + 1000)

1. INTRODUCTION

PSR J1740+ 1000, discovered in an Arecibo survey at
430 MHz (McLaughlin et al. 2000), is a young pulsar at high
Galactic latitude. It may be representative of a class of high-
velocity pulsars that have thus far eluded detection. Deter-
mining the velocity and origin of this object is important as
pulsar velocities represent fossil information about evolu-
tion of close binary systems and core collapse processes in
supernovae. The largest velocities, in excess of 1000 km s ™2,
provide the greatest constraints on such processes. Measur-
ing pulsar velocities is also crucial for pulsar population
statistics, determining the birthrate and birth places of
pulsars, and for planning future pulsar searches. Unfor-
tunately, pulsar surveys have been strongly biased against
the detection of high-velocity pulsars. While the average
pulsar speed is about 500 km s~ 1, the tail of the velocity
distribution extends to at least 1600 km s~ !, with 10%—20%
of all pulsars having speeds greater than 1000 km s~ ! (Lyne
& Lorimer 1994; Cordes & Chernoff 1998; Arzoumanian,
Chernoff, & Cordes 2001). At these speeds, within a typical
10 Myr pulsar lifetime many high-velocity pulsars will have
moved beyond the volume of detectability of previous
surveys at low Galactic latitudes (Lorimer, Bailes, & Harri-
son 1997).

In § 2 of this paper we describe the search and follow-up
observations. In § 3 we present a timing model and discuss
the pulsar’s single pulse and interstellar scintillation (ISS)
properties. In § 4 we explore ways to reconcile the kinematic
and ISS velocities of the pulsar. In §§ 5 and 6 we describe
prospects for astrometry and high-energy detection, respec-
tively. In § 7 we present our main conclusions and plans for
future study.
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2. OBSERVATIONS

PSR J1740+ 1000 was discovered during the upgrade of
the Arecibo Observatory, when several collaborations
jointly surveyed the Arecibo sky (covering declinations
roughly between —1° and 39°). As the telescope was not
able to track sources, data were taken as the sky drifted
through the beam at the sidereal rate. A point source drifts
through the Arecibo 430 MHz 10’ beam in approximately
40 s. The feed was moved once a day to allow successive
declination strips to be surveyed. The nominal sensitivity of
this search, which employed 32 channels covering a band-
width of 8 MHz, was approximately 0.5 mJy. We estimate
that the techniques used for radio frequency interference
excision and candidate evaluation raised our sensitivity to
roughly 1 mJy. With a sampling interval of 250 us, we were
sensitive to pulsars with periods ~1 ms up to dispersion
measures (DMs) of ~20 pc cm~3 and to pulsars with
periods ~ 30 ms up to DMs of ~600 pc cm 3.

The Berkeley/Cornell collaboration covered 470 deg?
between 1994 October and 1995 February. We detected
five new pulsars in the search. Three (J0030+ 0451,
J0711+0931, and J1313+0931) were reported in Lommen
et al. (2000), and two (J1740+ 1000 and J1849 + 2423) were
reported in McLaughlin et al. (2000). With a search-derived
period of 154 ms, a dispersion measure (DM) of ~20 pc
cm 3, and a signal-to-noise ratio of ~ 20, J1740+4 1000 was
one of several pulsar candidates that were reobserved after
the upgrade was completed. Confirming observations were
done in 1998 May with the Arecibo Observatory Fourier
Transform Machine (AOFTM), a Fourier transform—based
spectrometer with 1024 10 kHz frequency channels and
102.4 ps sampling.® The pulsar was timed from 1999 May
onward with the Penn State Pulsar Machine (PSPM), a
filter bank with 128 60 kHz frequency channels and 80 us
sampling. We have also observed this pulsar with the Wide-
band Arecibo Pulsar Processor (WAPP), a fast-dump
digital correlator covering up to a 100 MHz bandwidth

¢ http://www.naic.edu/ ~ aoftm.
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with a programmable number of lags and time resolution
(Dowd, Sisk, & Hagen 2000).”

We mapped the field of this pulsar with the Very Large
Array (VLA) in A array at 1.4 GHz using a 50 MHz band-
width and 12 minute integration. At the time of these obser-
vations in 1999 July, the pulsar’s position was known to
approximately 3’ (i.e, one 1.4 GHz beam at Arecibo).
We detected a continuum source in this observation with a
flux density of 2.26 + 0.17 mJy at a position (J2000.0 =
MJD 51385) of R.A. = 1740255958 + 0.003, decl. =
+10°00'05791 + 0.05 (derived using the AIPS task jmfit).
Subsequent timing confirmed that this source was indeed
the pulsar. The quoted 0.17 mJy error on the flux density
does not account for fluctuations owing to interstellar scin-
tillation, which are significant. No other point sources were
within 3’ of the position of PSR J1740+ 1000, but two
sources, both listed in the NRAO VLA Sky Survey catalog
(Condon et al. 1998), were within 5. No filamentary or
bow-shock structures were visible in the radio maps.

3. ANALYSIS AND RESULTS

3.1. Pulsar Properties

We  began regular timing  observations  of
PSR J1740+ 1000 in 1999 May at an observing frequency
of 430 MHz. After we established an initial timing model
and a more accurate position, timing observations were
carried out predominantly at 1.4 GHz, where higher signal-
to-noise profiles could be acquired. Pulse times of arrival
(TOAs) were calculated by cross-correlating dedispersed
profiles with templates, using separate templates made from
the addition of many individual pulses at both 430 MHz
and 1.4 GHz. These TOAs were then analyzed using the
TEMPO software package® (Taylor & Weisberg 1989). A
timing solution for PSR J1740+ 1000, derived from 684
TOAs spanning almost 2 yr, is presented in Table 1. With a
spin-down age t, of 114 kyr, this pulsar is younger than

7 http://www.naic.edu/ ~ wapp.
8 http://pulsar.princeton.edu/tempo.
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TABLE 1
OBSERVED AND DERIVED PARAMETERS FOR PSR J1740+ 1000

Parameter Value

Right ascension (J2000) ...........cccevvveinnennn..
Declination (J2000)........ccuvviiiniernneeennnnnn.

17 40 25.950(5)
+10 00 06.3(2)

Galactic longitude (deg) .........cooeeeieinienn.. 34.01067(7)
Galactic latitude (deg) ........ovvvvvvviiiinnnnnnn. +20.26828(5)
Barycentric period (8) ....ooveeviuiiiiiiiiiiiiienn. 0.154087174313(2)
Period derivative (1075 ss™ ) ........coeunene. 21.4651(2)

Epoch (MID) ..ooviiniiiiiiiiiiiii 51662

Dispersion measure (pccm ™ %) ...........o.oeenen 23.85(5)
Rotation measure (rad m~2) ...................... 23.8(2.8)
Timing data span MJD) ..........ccccevvvinnnnnnn. 51310-52014
Number of TOAS .....eviiiiiiiiiiiiiiiiaiien. 684
Postfit rms timing residual (us) ................... 952
Flux density at 0.4 GHz (mJy).................... 3.1(2)
Flux density at 1.4 GHz (mJy).................... 9.2(4)
Mean spectral index ............cooiiiiiiiiiiianan 0.9(1)
Distance® (KPC).ovuvverernreieinieeiiieenainaaannnns 14
Dipole magnetic field strength® B (10!2 G)...... 1.8
Characteristic age® 7, (Kyr) ....oovvevevinnnninnn.. 114

Note.—Units of right ascension are hours, minutes, and seconds, and
units of declination are degrees, arcminutes, and arcseconds. Figures in
parentheses represent 1 ¢ uncertainties in least-significant digits quoted.

 Calculated using the TC93 model.

b Calculated using the standard magnetic dipole formulae namely,
B=32x 1019ﬁ Gauss; 7 = P/2P (Manchester & Taylor 1977).

95% of all pulsars listed in the Princeton Pulsar Catalog
(Taylor, Manchester, & Lyne 1993). Given the 23.85 pc
cm 3 DM of this pulsar, we use the Taylor & Cordes (1993,
hereafter TC93) model for Galactic electron density to
derive a distance of 1.4 + 0.4 kpc.

Repeated observations have shown that this pulsar’s
average flux density appears to be higher at 1.4 GHz than at
430 MHz, with a spectral index o (where S, oc v* for an
observing frequency v) of 0.9 + 0.1. We note that the spec-
tral index estimate is highly contaminated by interstellar
scintillation, especially refractive interstellar scintillation
(RISS) that is uncorrelated between the two frequencies. We

Flux density (arbitrary units)

—-100 0 100

-100 0 100

Pulse phase (deg)

F1G. 1.—Folded pulse profiles for PSR J1740+ 1000 at 430 MHz (left) and 1.4 GHz (right). These profiles were formed by co-adding 17,000 and 11,000 s of
PSPM data at 430 MHz and 1.4 GHz, respectively. For all observations, data were taken across an 8 MHz bandwidth and dedispersed off-line using a DM of

23.85pccem 3.
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note in passing that flat spectral indices may be character-
istic of young pulsars (Lorimer et al. 1995), though the Crab
is a counterexample to this.

As shown in Figure 1, the 1.4 GHz profile is composed
predominantly of two conal pulse components, while at 430
MHz a core component is apparent. In Figure 2 we present
a polarization profile based on WAPP observations carried
out at 1475 MHz. The degree of linear polarization is 96%.
Other pulsars with degrees of linear polarization greater
than 80% include J0134—2937, B0136+ 57, J0631 + 1036,
B0656+14, J0742—2822, B0740—28, B0833—45,
B0906—49, B1259—63, J1359—6038, J1643—1224,
B1737—-30, B1913+ 167, and B1929 + 10 (McCulloch et al.
1978; Wu et al. 1993; Manchester & Johnston 1995; Xil-
ouris & Kramer 1996; Zepka et al. 1996; Gould & Lyne
1998; Manchester, Han, & Qiao 1998; Weisberg et al. 1999).
With some exceptions (most notably B1643—12 and
B1913 +167), these pulsars have similar ages and/or periods
to PSR J1740+ 1000, supporting a possible correlation
between the degree of linear polarization and period and/or
age, as has been noted before (Manchester 1971; McCul-
loch et al. 1978; von Hoensbroech, Kijak, & Krawczyk
1998). From data taken over a 100 MHz bandwidth at 1.475
GHz, we derive a rotation measure of 23.8 + 2.8 rad m 2.
For a DM of 23.85 pc cm 3, this translates to an average
magnetic field along the line of sight of 1.2 + 0.1 uG.

Because the pulsar’s young age, estimated distance, and
high Galactic latitude suggest a high space velocity, a
proper motion measurement is very desirable. However, the
pulsar’s large timing residuals (see Fig. 3) currently prohibit
this. The scatter in these residuals is likely dominated by the

01

0.05 -

LL (Jy)

150 7

100 7

Position angle (deg)

| I | I | I
-100 0 100
Pulse phase (deg)

F1G. 2—Polarization profile of PSR J1740+ 1000 at 1475 MHz. The
upper panel shows the total intensity I (solid line) and linearly polarized
intensity L (dashed line). These lines are nearly indistinguishable owing to
the high degree of linear polarization. Because this profile was formed from
only 4 minutes of data, the pulse shape has not yet converged to that
shown in Fig. 1. The inset plot shows L vs. I across the pulse. The lower
panel shows the polarization position angle. We do not show the circularly
polarized power because it is influenced by the unknown cross-coupling of
the feed system.
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F1G. 3—Timing residuals for 684 TOAs spanning MJDs 51310 to
52014 for the timing model in Table 1, which includes a fit for P, P, DM,
R.A., and decl. Fitting for proper motion or a frequency second derivative
improves the fit somewhat, but since we are unsure of the origin of the
long-term trend, we do not include it here. Open and closed circles denote
measurements at 430 MHz and 1.4 GHz, respectively. TOA uncertainties
range from 0.5 to 5 ms at 430 MHz and from 0.3 to 3 ms at 1.4 GHz,
varying by an order of magnitude or more because of scintillation and
profile shape variations. Note that, despite the variation in TOA uncer-
tainty, all TOAs were given equal weight in the least-squares fit to mini-
mize biasing from profile shape variations between individual scans.

considerable pulse-to-pulse jitter exhibited by this pulsar, as
shown in Figure 4. At 1.4 GHz, both single-peaked and
multiple-peaked pulse shapes are recognizable, with the
single-peaked modes generally being stronger. Sometimes a
precursor, arriving ~10 ms before the main pulse, is
present. More infrequently, a stronger postcursor, arriving
~ 10 ms after the main pulse, is apparent. An autocorrela-
tion analysis shows that pulses are intrinsically modulated
on timescales ~1 s (i.e., 6-7 pulses), as shown in Figure 5.
This timescale is similar at both 1.4 GHz and 430 MHz. The
modulation index m, corrected for additive off-pulse noise,

m— (02, — 0
<Ion> - <Ioff> ’

where o, and o are the on- and off-pulse rms and {I >
and <{I > are the average on- and off-pulse intensities, is
calculated across the pulse and shown in Figure 6. The
shape is similar to that calculated for other strongly modu-
lated pulsars, with greater modulation on the outer edges of
the pulse (Backer 1973; Bartel, Sieber, & Wolszsczan 1980).

1)

3.2. Velocities
We define the z-velocity of an object of “kinematic” age t
born at height z, above the Galactic plane as

zZ— 2z

V.=
t

for a present-day height of z=Dsinb. For
PSR J1740+ 1000, assuming z, =0, D = 1.4 kpc and ¢t =
1., we find V, = 4160 km s~ 1. Even for a z, of 0.3 kpc, over
twice the best-fit scale height of the pulsar progenitor popu-
lation (Cordes & Chernoff 1998; Arzoumanian et al. 2001),

; @)
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Intensity

T ———
—— ————

—60 —40 -20 0 20 40

Pulse phase (deg)

F16. 4—Sequence of 100 single pulses (i.e., ~15 s of data) from
PSR J1740+1000. These data were taken using the WAPP at 1.475 GHz
across a 100 MHz bandwidth. The time resolution is 0.8 ms.

a velocity of 1500 km s~ ! is required for PSR J1740+ 1000
to have reached its present-day z of 0.48 kpc in its 114 kyr
lifetime. Note that, even for velocities as large as 4000 km
s~1, contamination of 7, due to the Shklovskii effect
(Shklovskii 1970) is insignificant, producing an apparent P
of roughly 1% of the true value. We later discuss the possi-
bility that the kinematic age is much larger than the spin-
down age. In Figure 7 we show V, (for z, of zero) for all
pulsars in the Princeton Pulsar Catalog (Taylor et al. 1993)
with latitude greater than 10°. We chose this latitude cutoff
to exclude pulsars within the progenitor scale height and
pulsars seen through much of the Galactic disk, where
uncertainties in TC93 are greater.
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F1G. 5.—Autocorrelation function (ACF) for a dedispersed time series
of period-averaged intensities for PSR J1740+1000. These data were
taken with the AOFTM at 1.4 GHz across a 10 MHz bandwidth. The
lower plot shows only the first 16 s. The variation with timescale ~200 s is
caused by diffractive interstellar scintillation (DISS), while the ~1 s varia-
tion is due to intrinsic pulse-to-pulse fluctuations.

To relate an object’s z-velocity to its transverse velocity
along of the line of sight, we adopt an (x, y, z) coordinate
system such that x, y define the Galactic plane, with x
toward longitude / = 90° and y toward [ = 180°, and z is
toward the North Galactic pole. We then let 4, /, and i be
unit vectors, with 7 along the line of sight to the pulsar, /
and m transverse to the line of sight, and /- Z =0, as in
equation (28) of Cordes & Rickett (1998, hereafter CR9S).

Flux density (arbitrary units)

Modulation index

L1 n n n 1 n n n 1 n n n 1 n n n L1
—40 —_0 0 20 40

Pulse phase (deg)

Fi1G. 6.—Inner 20% of the 1.475 GHz pulse profile, along with the cor-
responding modulation index, for the full 1200 s observation from which
the sequence in Fig. 4 was taken.
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Number of Pulsars
JO745-5351

©
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J1740+1000

Fic. 7—V, for all pulsars in the Princeton Pulsar Catalog (Taylor et al.
1993) with Galactic latitudes |b| > 10°. Note the logarithmic scaling of the
y-axis. The value for PSR J1740+ 1000 is anomalously high. Pulsar dis-
tances were calculated using TC93, except in cases of a more accurate
parallax measurement. We note that V, can be quite different from mea-
sured transverse velocities. For instance, PSR B0919 +06 has a V, of 1400
km s~ ! but an astrometrically determined transverse velocity of 505 + 80
km s~ ! (Chatterjee et al. 2001). We also note that imposing a latitude cutoff
omits pulsars such as PSR B0531+21 and PSR B1509 —58, which have
V,sof 1.6 x 10° and 5.6 x 10* km s~ !, respectively, but, with known super-
nova remnant associations, were certainly born at |z, | > 0.

The pulsar’s true space velocity in the z direction is com-
posed of radial and perpendicular components such that

Vz = Vr,z + VJ_,z = Vr SiIl b + VJ_,m Ccos b B (3)

where V, , and V| , are the z components of the pulsar’s
radial and transverse velocity, respectively, and V, ,, is the
transverse velocity in the m direction. Assuming no radial
velocity and z, =0, we find V, , =4430 km s~' for
PSR J1740+ 1000. This is much higher than the transverse
velocity of 1700 km s™! estimated for the fastest known
pulsar, PSR B2224+65 (Cordes, Romani, & Lundgren
1993). However, it is entirely possible that the space velocity
is much less than 4430 km s~ !, as we discuss below.

3.3. Interstellar Scintillation

One way to get an independent constraint on a pulsar’s
velocity is through measurement of its interstellar scintil-
lations (ISS). Because scattering by density inhomogeneities
in the ionized interstellar medium causes multiple rays to
interfere, it produces frequency structure in pulsar spectra
(Scheuer 1968; Rickett 1990). These spectra change signifi-
cantly on timescales of minutes to hours owing to the high
transverse velocities of most pulsars. When the spectrum is
monitored over time, the resulting two-dimensional array
or “dynamic spectrum ” is often dominated by a random
pattern of scintillation maxima with characteristic band-
width and timescale (Rickett 1990). Intensity variations in
time and frequency with scales of a few minutes and a few
MHz are due to diffractive ISS (DISS), caused by small-
scale irregularities in the interstellar plasma. Longer term
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Fi1G. 8—Two-dimensional ACF for a dynamic spectrum for
PSR J1740+ 1000 taken at a center frequency of 1410 MHz in 1999 May.
We also plot one-dimensional slices along the two axes, used to calculate
Av, (as the half-width at half-max of the cut at zero time lag) and At, (as the
half width at e~ ! of the cut at zero frequency lag). For this epoch, we
calculate Av, = 85 s and Ar, = 1.8 MHz.

intensity variations are caused by RISS, owing to variations
in electron density on much larger scales than those
responsible for DISS.

A two-dimensional correlation analysis can be used to
calculate the scintillation bandwidth Av,; and the scintil-
lation timescale At;, which quantify the interstellar scintil-
lation properties of a pulsar. In Figure 8 we show an ACF
of a dynamic spectrum for PSR J1740+ 1000. In Table 2 we
list diffractive bandwidths and timescales measured from
ACFs at various epochs. The average values of these pa-
rameters are At = 271s and Av = 8.0 MHz, with standard
deviations of o,, = 146 s and o5, = 6.6 MHz. The large
variance in the scintillation parameters is likely due to a
combination of measurement uncertainties (from small
numbers of scintillation maxima in a given measurement)
and modulation from RISS, which may be enhanced by
refraction from the North Polar Spur (see below).

We may use these measurements to estimate the speed of
the ISS diffraction pattern with respect to the observer. For

TABLE 2

DISS PARAMETERS MEASURED AT 14 GHz
FOR PSR J1740+ 1000

Av, Aty Viss,s/3,u

MJD (MHz) (s) (km s™1)
51314...... 1.8 85 329
51674...... 24 226 147
51722...... 2.0 193 157
51851...... 16.0 372 226
51968...... 5.4 211 231
51986...... 16.4 537 157
52022...... 11.7 273 262
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a statistically uniform, Kolmogorov scattering medium, this
speed can be calculated as (CR98, eq. [13])

v 4 ~/DAv, @
1585730 = 4188513 T Ay

where Ajss 53, = 2.53 x 10* km s™" and D, Av,, v, and At,
have units of kpc, MHz, GHz, and s, respectively. We list
Viss,s/3,4 for all epochs in Table 2 and, for a distance of 1.4
kpc, find an average value of 216 km s~ !, with a standard
deviation of 67 km s~ 1.

For a uniform, Kolmogorov medium, Vg 53, Will be
equal to the pulsar’s transverse speed. For other cases,
making the reasonable assumption that the speeds of the
observer and the medium are small compared to the
pulsar’s, we may express the transverse speed of the pulsar
as (CR98, eq. [23])

vV, = Wc WD,PM Vlss,5/3,u P (5)

where the weighting factors W, and W), py relate the mea-
sured scintillation speed to the pulsar’s actual transverse
speed. The contribution of W, which depends on both the
wavenumber spectrum and the distribution of the medium
(CR98, eq. [18]), is small (maximum range of 0.9-1.3). We
therefore assume it is unity throughout the remaining
analysis. The other factor, W), py;, is determined by the dis-
tribution of the scattering material along the line of sight to
the pulsar. This is proportional to C2, the coefficient of the
electron-density wavenumber spectrum. An exact expres-
sion for W}, py for a square law phase structure function is
given in CR98 (eq. [25]) as

2§ ds(s/D)(1 — s/D)CX(s) |/
|8 ds(1 — s/DY*C3(s)

B SM1/2

" [3SM — (SM, + SM,)]'/2’

WD,PM(D) = [

(6)

where s, the distance measured from the pulsar to the obser-
ver, varies from 0 to the pulsar distance D and

SM = des CXs), (7
o

SM, =6 fbds (s/D)(1 — s/D)CZ(s) , (8)

SM, = 3 fDds (s/D)2CX(s) . )

define the scattering measure, the scattering measure
weighted for pulse broadening, and the scattering measure
weighted for angular broadening, respectively.

If we use TC93 to calculate SM, SM,, and SM,, and thus
the weight factor W, py, we find Wy, pyy = 0.85 and V, = 184
km s~ !, far smaller than the kinematic z-velocity calculated
using z, =0 and t =1, In the following, we consider
several ways to reconcile the various constraints on the
pulsar’s velocity. Some reduce the value of the kinematic
z-velocity, while others increase the scintillation estimate of
the transverse velocity. We note that, if the actual distance
to the pulsar is much less than the distance estimated by
TC93, the difference between the velocity estimated from
ISS (proportional to \/B) and the kinematic velocity
(proportional to D) becomes smaller.

Vol. 564

4. INTERPRETATION OF J1740+ 1000’S KINEMATICS

4.1. Large Radial Velocity

An unrealistically large radial velocity is required if we
assume that it accounts solely for the difference between the
V, calculated assuming V, = 0 and the ISS speed, which
reflects only the transverse components. Letting z be the
pulsar’s height above the Galactic plane, z;c the height
above the plane given the TC93 model distance, and ignor-
ing any contribution to V, from V|, we have

w= ()G
T t Z1c

~ 12 x 10* km yl(%)(ﬂ) . (10)
Z1C

Assuming that a value V. ~ 10° km s~ ! is “reasonable” in
comparison with the highest known velocities, it appears
that either the pulsar is kinematically much older than the
spin-down age such that ¢ > 7, or the pulsar was born at a
relatively high z, such that |z — z,| <€ zrc. However, we
later discuss other interpretations where the transverse
velocity makes a sizeable contribution to V, and V, need not
be so large.

4.2. Large Kinematic Age

Depending on the spin-down law for the pulsar and on
the evolutionary history of the neutron star’s progenitor,
the spin-down age t, may or may not be a good estimate for
the kinematic age t. First, the spin-down age may only
approximate the true age of the pulsar. Young pulsars show
estimated braking indices n = QQ/Q? < 3, where Q = 2x/P,
implying ages greater than the spin-down age t,, which is
calculated for n = 3. However, a pulsar born with spin
period not significantly smaller than its present-day period
could be much younger than z,. In fact, a statistical com-
parison of kinematic z-velocities and proper motion derived
velocities suggests that, on average, pulsars are about 50%
younger than their spin-down ages (Cordes & Chernoff
1998).

A pulsar could be older than z, if the magnetic field was
not constant, but has been growing over the lifetime of the
pulsar, as suggested in Blandford, Applegate, & Hernquist
(1983). A measurement of PSR J1740+1000’s braking
index could provide support for this hypothesis. Recently,
Gaensler & Frail (2000) argued that the pulsar
PSR B1757—24 was significantly older than 7, by compar-
ing the pulsar’s location to its birthplace, estimated through
identification of the geometric center of the associated
supernova remnant. The upper bound on the proper
motion of the synchrotron nebula around the pulsar sug-
gests an older age. However, we believe that the errors
associated with estimating ages based on remnant morphol-
ogy are too large to allow any general statement about
pulsar ages.

Second, even if the pulsar age is well approximated by z,,
the kinematic age could be significantly larger. For
example, the progenitor of J1740+ 1000 may have been a
member of a binary system whose primary exploded long
before the observed pulsar was produced, imparting signifi-
cant space velocities to its remnant star and to the progeni-
tor of J1740+1000, either as an intact binary or as
individual objects. A scenario of this type was proposed by
Gott, Gunn, & Ostriker (1970) to account for the current
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locations of the Crab pulsar (B0531+21) and the nearby,
older, and longer period pulsar, B0525+21, with the
binary producing both pulsars originating in the I Gem OB
association.

4.3. Halo Progenitor

It is conceivable that PSR J1740+ 1000 may have been
born well out of the Galactic plane from a halo-star pro-
genitor, perhaps through a rare accretion-induced collapse
(AIC) or merger event (Bailyn & Grindlay 1990; Rasio &
Shapiro 1995). If the neutron star formed through accretion
induced collapse (AIC) of a halo white dwarf, the expected
transverse speed would be ~250 km s~ ! (i.e., the character-
istic speed of a halo star), in the absence of a supernova-
induced kick. This is consistent with the scintillation
estimate. Given one object in 114 kyr, a naive estimate of
the birthrate of such objects would be ~1073 yr~!. This
rate is about 10° times smaller than that of disk-born
pulsars and about 3-10 times larger than the estimated
birthrate of millisecond pulsars (Lorimer et al. 1995; Cordes
& Chernoff 1997). Therefore, if AIC produces only large
magnetic field objects, the birthrate implied by
PSR J1740+ 1000 would be compatible with birthrates of
other neutron star subpopulations. Because we have not
accounted for any selection effects in detecting objects pro-
duced through AIC, this is of course a very rough estimate.
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4.4. Interstellar Medium Structure and DISS

The local ISM has been sculpted by supernovae and
stellar winds into shells and loops that could perturb both
the pulsar’s distance estimate, which is based on the disper-
sion measure, and the scintillation parameters. If only the
distance is in error, reconciliation of the DISS and kine-
matic velocities implies D ~4 pc (for z, =0), which
requires an unrealistically large H 11 column density within
a few parsec of the Sun. For z, # 0 the distance could be
larger and a smaller fraction of DM would be needed from
an H 1 region.

As shown in Figure 9, the line of sight to
PSR J1740+ 1000 passes through the North Polar Spur
(NPS) and the Gould Belt, an expanding disk of gas and
young stars (Stothers & Frogel 1974). The North Polar
Spur is the brightest part of the larger radio feature called
Loop I, a 116° diameter circular feature on the sky centered
at longitude 330° and latitude + 18°. The NPS rises from
the Galactic plane at a longitude of 30° and covers latitudes
of 15°-30°, appearing as a bright, narrow ridge in radio and
X-ray maps. Sofue (1977) postulates that the NPS is part of
a shock front induced by an explosive event at the Galactic
center. However, a local, supernova remnant origin for the
NPS is usually assumed (Heiles et al. 1980; Salter 1983;
Egger & Aschenbach 1995; Heiles 1998). Distance estimates
given this assumption range from 50 to 200 pc (Berkhuijsen

30 0
Galactic Longitude (degrees)

Fic. 9.—105° x 105° image of the Galaxy at 408 MHz, showing the NPS rising from the Galactic plane (Haslam et al. 1982). The position of
PSR J1740 + 1000 is denoted with a cross. The positions of the three extreme scattering event sources associated with the NPS are denoted with asterisks.
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1973; Bingham 1967), while the thickness of the NPS is
estimated to be ~20 pc (Berkhuijsen 1973). The distance of
the Gould Belt in the direction of PSR J1740+ 1000 is
100-300 pc, also much less than the TC93 distance for
PSR J1740+ 1000.

The discovery of PSR J1740+ 1000 may have implica-
tions for the long-standing question of how the NPS was
formed. While it is generally accepted that such shells are
produced through the release of energy into the interstellar
medium, the age of the NPS is uncertain. Its slow rate of
expansion indicates that it is fairly old, but the production
of X-rays in the interior poses an apparent contradiction. If
these X-rays are due to reheating processes, the NPS could
be roughly 2 x 10° yr old and produced by one normal
supernova explosion. However, if the X-ray emission is due
to just a single event, the age of the NPS could be only
2 x 103 yr (Heiles et al. 1980), roughly the spin-down age of
PSR J1740+ 1000.

Structure in the local ISM like that seen in the NPS and
the Gould Belt perturbs both DM and SM for the line of
sight to the pulsar. Strong evidence for the diffracting and
refracting power of the NPS comes from examining the
distribution of extreme scattering event (ESE) sources,
extragalactic sources that show extreme variations in their
radio light curves (Fiedler et al. 1987). ESEs are generally
believed to be caused by strong diffraction and refraction
due to enhanced electron density turbulence in the ISM. As
shown in Figure 9, three of the 10 known ESE sources
(1749 +096, 1821+ 107, and 1741 —038) have lines of sight
that pass near or through the North Polar Spur (Fey, Clegg,
& Fiedler 1996).

To proceed, we follow Chatterjee et al. (2001) by super-
posing a thin screen at distance D, from the pulsar on a
smoothly varying medium such as is modeled by TC93.
This yields a DISS velocity correction factor

WD,PM(D) =

[6(D,/D)1 — D/D)ASM + SM, ]!/
[3(1 — D,/D)?ASM + 3SM — (SM, + SM,)]*?°

(1)

where ASM is the additional scattering measure contrib-
uted by the screen. Given the standard definitions of SM
and DM (i.e., eq. [9] and DM = [{ n,(s)ds, where n, is the
electron density in the medium), we may relate ASM and
ADM, the differential DM contributed by the screen. For a
screen of width As,

(ADM)?

ASM = (1/3)(2n) 3K, F, ,
As

(12)

where K, = 10.2 x 1073 m~2%3® ¢m® kpc pc™! is a unit
conversion factor, and the units of ASM, ADM, and As are
kpc m~2%3 pc em ™3, and pc, respectively. As defined in
TC93, F, is a dimensionless “fluctuation parameter” [i.e.,
C2(s) oc F n2(s)], which is found to range from 0.1 to 100 for
the various Galactic components of the TC93 model. We
note that while DM and SM are correlated, the excess elec-
tron density from a screen could cause a large fractional
change in scattering measure but a much smaller fractional
change in dispersion measure.

Given the SM, SM_, and SM, estimated by TC93 along
the line of sight to the pulsar, W), p), will increase with
increasing ASM, asymptoting to a value of [2(D,/D)/(1
— Dy/D)]'. For the measured ISS velocity to be made
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consistent with z, = 0 (assuming t = 7, and ignoring the
radial velocity contribution to V), a W}, py of 20.5 is needed.
This requires an unreasonable D,/D = 0.995, or, for a pulsar
distance of 1.4 kpc, a screen that is only 7 pc away from the
Earth. To calculate the minimum z, for a range of realistic
model parameters, we constrain ASM such that the result-
ant ADM is less than half of the pulsar’s DM. We note that
ADM = 119 pc cm~3 corresponds to a screen electron
density of 0.6 cm ™ for a screen thickness of 20 pc, roughly
consistent with the constraint n, < 0.4 cm™> derived by
Heiles et al. (1980) from NPS rotation and emission mea-
sures. Assuming As, D, D, and F of 20 pc, 130 pc, 1.4 kpc,
and 10, we calculate a minimum z, of 0.34 kpc. Allowing
screen distances as small as 50 pc, a pulsar distance as low
as 0.6 kpc, a screen thickness as small as 10 pc, and a
fluctuation parameter F, as large as 1000, the lowest height
at which the pulsar could have been born is 0.10 kpc, con-
sistent with estimated distances to the NPS. Note that these
minimum values of z, depend on the assumption that there
is no radial contribution to the transverse velocity and that
the kinematic age is equal to the spin-down age.

4.5. Refractive Modulation of DISS

Another effect of a strong phase screen is that it can
refract the radiation into a cone of received directions that
is not centered on the direct ray path between pulsar and
observer. The result is to decrease the DISS bandwidth
while leaving the DISS timescale unchanged (Cordes et al.
1986). It is therefore possible that strong RISS is contami-
nating our measured Av,, causing an underestimate of
Viss,s/3,u- FOr the Vg 5,5, estimate to agree with the V,
estimated assuming V, =0, z, =0 and t = 7, the actual
bandwidth, unperturbed by RISS, would have to be an
impossibly high 3360 MHz. However, while RISS may not
be solely responsible for the discrepancy between the
pulsar’s age and height above the plane and the measured
scintillation parameters, it could be biasing our results. The
distribution of ESE sources provides strong evidence for the
refracting properties of the NPS.

5. PROSPECTS FOR ASTROMETRY

The most robust way to determine the velocity and pos-
sible origin of PSR J1740+ 1000 is through measurement of
a proper motion and parallax. An estimated distance of 1.4
kpc corresponds to a parallax of 0.71 mas. A transverse
speed of 10° km s~ ! for a pulsar at that distance corre-
sponds to a proper motion ~ 50 mas yr~ 1.

Because the timing residuals of the pulsar are large, the
prospects for measuring the proper motion through VLBI
are much better than through timing. Given the current rms
timing residuals, we estimate that we could expect to
measure a 150 mas yr ! proper motion to about 10 ¢ with 2
more yr of timing data. However, if there is significant
timing noise, as is expected for a young pulsar, a proper
motion may be unmeasurable. A parallax measurement
through timing is not feasible.

The current Very Large Baseline Array (VLBA) has suffi-
cient angular resolution to easily measure the anticipated
proper motion. However, the ~2 mJy 1.4 GHz average flux
density of this pulsar necessitates more collecting area than
is available with the VLBA alone. With the addition of
Arecibo and the Green Bank Telescope to the array, a
proper motion should be measurable within several
months. Moreover, we have seen episodes of scintillation
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enhancement of the pulsar’s flux density for sustained times
(~1 hr) by a factor of 10, which will boost the astrometric
sensitivity of VLBI measurements. As in the case of
PSR B0919 + 06 (Chatterjee et al. 2001), the situation may
also be aided by the presence of two nearby calibrators with
separations and flux densities of 4" and 5" and 2.7 and 2.6
mlJy, respectively (Condon et al. 1998). The in-beam cali-
brators may also allow measurement of the pulsar’s paral-
lax, especially if the pulsar is associated with the nearby
NPS or Gould Belt.

6. HIGH-ENERGY EMISSION

Because of its youth and proximity, PSR J1740+ 1000 is
an excellent candidate for detection at high energies.
Assuming that X-ray flux is proportional to E/D? (Becker &
Triimper 1997), where E is the spin-down energy loss rate,
PSR J1740+ 1000 has the 10th highest predicted X-ray flux
out of 547 pulsars in the Princeton Pulsar Catalog (Taylor
et al. 1993). Upcoming observations with Chandra may
reveal the existence of thermal or magnetospheric radiation
from the star. Nebular emission from a compact synchro-
tron nebula or a pulsar wind nebula bow shock, especially
likely if the velocity of the pulsar is high, should be
detectable.

This pulsar should also be a strong gamma-ray source.
Given the model of McLaughlin & Cordes (2000),
PSR J1740+ 1000 ranks 20th out of 547 pulsars for OSSE
(50 < E <200 keV) flux and 10th out of 547 pulsars for
EGRET (E > 100 MeV) flux. Because this pulsar was not
detected as an EGRET point source (Hartman et al. 1999),
we can place an upper limit on its gamma-ray flux of
8.7 x 1032 ergs s~ ! kpc~ 2, just above the flux of 8.1 x 1032
ergs s~ ! kpc~? predicted by the McLaughlin & Cordes
model. Unfortunately, even in the closest EGRET viewing
period, PSR J1740+ 1000 is 20° off-axis. Still, we did search
this and other viewing periods for periodicities over a range
of periods and period derivatives close to that predicted by
our current timing model. To do this, we first created a
barycentered time series of photon arrival times given the
known position of the pulsar. Photons are then individually
weighted by the EGRET point-spread function and folded
for each trial ephemeris. The point-spread function weigh-
ting procedure produces a dramatic improvement in signal-
to-noise ratio. For each profile, we use the Bayesian
procedure presented in McLaughlin et al. (1999) to calculate
the probability of a pulse of unknown width and phase.
Using this method, we detect the known EGRET pulsars
with high signal-to-noise. While, not surprisingly, we find
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no convincing pulsed signatures for PSR J1740+ 1000, this
pulsar should be easily detectable, modulo any beaming
effects, with the Gamma-Ray Large Area Space Telescope
(GLAST), with a projected sensitivity of 3 x 103! ergs s™*
kpc~ 2. Gamma-ray observations of this pulsar will be aided
greatly by its high latitude, where the Galactic gamma-ray
background is much smaller than in the Galactic plane.

7. CONCLUSIONS

PSR J1740+1000 is a young pulsar whose study will
yield important information about pulsar velocities and the
local interstellar medium. As a young object at a high
Galactic latitude, its existence may signify a complex pro-
genitor history, either from a Galactic disk population or
from a halo population. Alternatively, it may simply have
an especially high velocity.

Using simple models, it is difficult to reconcile the mea-
sured scintillation properties of this pulsar with its age and
height above the Galactic plane. While it is of course pos-
sible that this pulsar was indeed born out of the Galactic
plane, there are several ways in which the measured ISS
parameters could be reconciled with a birth in the midplane
of the Galaxy. Clearly the best way to resolve this issue is
through measurement of the proper motion and parallax.
With the upcoming addition of Arecibo and the Greenbank
Telescope to the VLBA, a proper motion will be measurable
within a few months. Measurement of the parallax will rely
heavily on the quality of nearby calibrator sources and
exploitation of strong scintillation maxima that boost the
apparent flux density of the pulsar by a factor of 10 or more.
We are also planning high-energy observations with
Chandra and GLAST, as, because of its youth and proxim-
ity, the pulsar should be a strong high-energy source.
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