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ABSTRACT

We report on nearly 2 years of timing observations of the low-mass binary millisecond pulsar PSR 37989
with the Caltech-Parkes-Swinburne Recorder II, a new instrument that gives unprecedented timing precision.
Daily observations give a weighted rms residual of 74 ns, indicating an extremely low level of systematic error.
We have greatly improved on the previous parallax and proper motion measurements of PSR3¥409
yielding a distance 0f.143%: kpc and transverse velocity26f0] kih s . The system’s orbital eccentricity is
just (1.35+ 12) x 1077, the smallest yet recorded. Since their discovery, the masses of the rapidly rotating
millisecond pulsars have remained a mystery, with the recycling hypothesis arguing for heavy objects, and the
accretion-induced collapse of a white dwarf more consistent with neutron stars less than the Chandrashkar limit.
Fortuitously, PSR J19093744 is an edge-on system, and our data have allowed the measurement of the range
and shape of the Shapiro delay to high accuracy, giving the first precise determination of a millisecond pulsar
mass to datemn, = 1.438+ 0.024M_, . The mass of PSR J198%44 is at the upper edge of the range observed
in mildly recycled pulsars in double neutron star systems, consistent with the recycling hypothesis. It appears
that the production of millisecond pulsars is possible with the accretictO& M .

Subject headings: binaries: close — pulsars: individual (PSR J19(¥44) — relativity — stars: distances —
stars: fundamental parameters — stars: neutron

1. INTRODUCTION the globular cluster Terzan 5 (Ransom et al. 2005), all are still
consistent with the observed mass distribution of pulsars with
{massive companions.
PSR J1909 3744 was discovered during a large-area survey
r pulsars at high galactic latitudes with the 64 m Parkes radio
elescope (Jacoby et al. 2003). It is a typical low-mass binary
g:Julsar withP = 2.95 ms but with several exceptional qualities:
iJts extremely narrow pulse profile (Ord et al. 2004) and stable

white dwarf system (see Stairs 2004 for a recent review). These'0tation allow us to measure pulse arrival times with unprec-
neutron stars all fall within the narrow mass range of edented precision, and its nearly edge-on orbital inclination

1.35+ 0.04 M, established by Thorsett & Chakrabarty Means the pulsar signal experiences strong Shapiro delay. Mea-
(1999), with th% exception of PSR B19136 at 1.4408+ surement of this Shapiro delay gives the orbital inclination and

0.0003M_, (Weisberg & Taylor 2003) and PSR J0733039B companionj mass to high precision and, when combined with

at 1_25019 0.005M,, (Lyne et al. 2004). the Keplerian orbital parameters, allows us to measure the pul-
Millisecond pulsars <10 ms) are generally thought to S&rs mass.

have accreted more matter from a low-mass binary companion

and therefore are expected to be more massive than the slower 2. OBSERVATIONS AND PULSE TIMING

rotating recycled pulsars with massive companions. However, |n 2002 December we began observing PSR J1&R14
these low-mass binary pulsars do not experience measurablyith the Caltech-Parkes-Swinburne Recorder Il (CPSR2; see
relativistic orbital period decay?, ), and their typically circular Bailes 2003) at the Parkes radio telescope. This instrument
orbits make orbital precession () and time dilation and grav- samples the voltage signal from the telescope in each of two
itational redshift §) difficult to measure; therefore, mass de- 64 MHz wide dual-polarization bands with 2 bit precision. For
terminations have been less precise. There is a statistical sugthese observations, we used the center beam of the Parkes
gestion that millisecond pulsars are indeed more massive thammultibeam receiver or H-OH receiver and placed the two bands
slower rotating neutron stars (Kaspi et al. 1994; van Straten etat sky frequencies of 1341 and 1405 MHz. The raw voltage
al. 2001; Freire et al. 2003), but with the exception of PSR data were sent to a dedicated cluster of 30 dual-processor Xeon
JO0751-1807 at2.1 = 0.2M;, (D. J. Nice et al. 2005, in prep-  computers for immediate analysis. The two-bit sampled data
aration; Nice et al. 2004) and possibly PSR J1728461 in  \ere corrected for quantization effects (Jenet & Anderson
1998) and coherently dedispersed into 128 frequency channels
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Radio pulsars in binary systems can allow the measuremen
of neutron star masses, thereby providing one side of the dens?‘
matter equation of state. However, to date, all pulsars with 'O
precisely measured masses have been relatively slowly rotatin
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‘ . ‘ ‘ ‘ ‘ . ‘ . . TABLE 1
7 o (a) I + [ ‘ E IMPROVED PARAMETERS OF THE PSR J1909-3744 SYSTEM
S o % é ? ' s% ﬁ gé % ?§ g H éé 3 Parameter Valie
o L 4
i ,f E RuA ., Gygin -« o+ e e eeeeee e e et 19'09" 47.4379988(6)
=B % T L DECL, 812000 «« v v v et —37441431841(4)
0 200 400 600 Proper motion ine, u, (Mas yr*) ............ —9.470 (11)
Epoch (MID — 52600) Proper motion in, u; (mas yr*) ............. —35.76 (8)
Annual parallax,r (Mmas)...........cccvvvvvnn 0.88 (3)
Pulse periodP (MS) ......ccoovviiiiiiieienn. 247108021647488 (3)
Period derivativeP (169 .................... 1.40258 (4)
Reference epoch (MID).................oee 53000.0

@ Dispersion measure, DM (pc ¢/ ........... 1039392 (6)

f Binary period,P, (days)...................... 1.533449450441 (10)

g Projected semimajor axigsini  (It-s)...... 1.89799117 (4)

2 €SiNw (107) o.veieiri i 0.56 (18)

& €C0Sw (1077) L.t —1.24 (10)

Time of ascending nodd,,,, (MJD)......... 53000.4753280898 (13)

SINT + e 0.99822 (11)

Companion massn, Mg ).ooovvveinnnennnnn. 0.2038 (22)

Derived Parameters

Pulsar massn, Mg ).oooooonnniiiiiin 1.438 (24)

Mass functionf(m) ..ot 0.0031219531 (2)

Range of Shapiro delay, (uS) ................ 1.004 (11)
Orbital Phase Orbital inclination,i (deg)..................... 86.58 515

Orbital eccentricitye (1077) .....oovvevennn... 1.3%12)

Fi6. 1.—High-precision timing residuals for PSR J19€8744. Filled circles Longitude of periastrony (deg) .............. 155.745285809% 7
represent TOAs from the 1341 MHz band, while open squares denote the Time of periastronT, ......................... 53001.13873788 0.03
1405 MHz band.4) Residuals vs. observation epoch for best-fit model taking ~ Parallax distanced, (kpc)................... 1.14°508
Shapiro delay fully into account (Table 1h)(Residuals vs. orbital phase for Transverse velocityy, (km™) .............. 2007
best-fit Keplerian model. Some of the Shapiro delay signal is absorbed in an Intrinsic period derivativeP,, (109" ....... 0.28 (4)
anomalously large Roemer delay and eccentricity. Residuals vs. orbital Surface magnetic fieldB,,; (8@)°.......... 0.92'95
phase for the best-fit model, but with the companion mass set to zero (i.e., Characteristic ager, (GYr)................... 1673
the correct Keplerian orbit, but neglecting Shapiro delagl).Residuals vs. Galactic longitude| (deg)..................... 359.73
orbital phase for the best-fit model taking Shapiro delay fully into account Galactic latitudep (deg) ...................... —19.60
(Table 1). Distance from Galactic plangz|  (kpc).... 0.383 (12)

#Figures in parentheses are uncertainties in the last digit quoted. The
of arrival (TOAs) were accomplished in the usual manner using formal error calculated by TEMPO is taken as the lincertainty, except
the PSRCHIVE suite. Because of roll-off of the anti-aliasing ggn?igseﬂc'gei‘:ugvillz'l’ all quoted uncertainties correspond to the 68.3%
filters, 8 MHz was removed from each band edge prior to  corrected for secular acceleration based on measured proper motion
formation of dedispersed total intensity profiles, giving a final and parallax
bandwidth of 48 MHz per band. To avoid averaging over phe-
nomena that vary on orbital timescales, observations longeras our scaling factor is nearly unity. Because of the system’s
than 10 minutes were broken into 10 minute segments. Finally,low eccentricity €), we used the ELL1 binary model, which
TOAs were calculated by cross-correlation with a high signal- replaces the longitude of periastran) (time of periastronT, ),
to-noise ratio template profile, formed by summing a total of ande with the time of ascending nod&,(. ) and the Laplace-
5.4 days of integration in the 1341 MHz band. Arrival times Lagrange parametesssine  amtosw  (Lange et al. 2001).
with uncertainty>1 us were excluded from further analysis. The resulting parameter values are all consistent with those ob-
Our final data set contains 1730 TOAs, roughly half of which tained using the DD model (Damour & Deruelle 1985; Damour
come from each of our two frequency bands. & Deruelle 1986), although the estimated uncertainties of several

We used the standard pulsar timing package TEXRDONg orbital parameters differ significantly. We give the results of our
with the Jet Propulsion Laboratory’s DE405 ephemeris, for all timing analysis in Table 1. Although the rms timing residual
timing analysis. TOAs were corrected to UTC (NIST). Using could be lowered to 74 ns by integrating our daily observations,
the TOA uncertainties estimated from the cross-correlation pro- high time resolution around superior conjunction was vital in
cedure, our best-fit timing model had reduggd= 1.2 , indi- mapping the Shapiro delay of the pulsar. The weighted rms
cating that our arrival time measurements are relatively free of residual of only 230 ns obtained from 10 minute integrations in
systematic errors. In our final analysis, these TOA uncertaintieseach of the two bands is still exceptional.
were scaled by a factor of 1.1 to achieve a redugee: 1 and
improve our estimate of uncertainties in model parameters. Be- 2.1. Shapiro Delay and Component Masses
cause TEMPO estimates parameter uncertainties based on the o o ) )
assumption that the reducgd s unity, and because TOA un- Asshownin Figure 1, our timing data display the unmistakable
certainties normally must be scaled by significantly larger factors Signature of Shapiro delay. Measurement of this relativistic effect
to satisfy this assumption, it has become customary to take twicehaS allowed the precise determipation of orbital inclination,
the formal error from TEMPO as the d uncertainty to com- | = 86.5837; deg, and companion massy, = 0.2038+
pensate for systematic errors. We have not followed this practice0-0022M,,. These values were derived fromyd ~ mapmp -

cosi space (Fig. 2) but are in excellent agreement with the results

¢ See http://astronomy.swin.edu.au/pulsar/software/libraries. of TEMPO'S "n_ear least-squares f.it fon, a.B.(hi )
7 See http://pulsar.princeton.edu/tempo. Combined with the mass function, our tight constraints on
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FiG. 2.—Companion mass—orbital inclination diagram for PSR J1B344.
Contours showAx? = 1 , 4, and 9 (1, 2, and3or 68.3%, 95.4%, and 99.7% Fic. 3.—Mass-mass diagram for PSR J19@¥44. Red, yellow, and black
confidence) regions, respectively, in companion masscasd . areas showax” = 1 , 4, and 9 (1, 2, ands30r 68.3%, 95.4%, and 99.7%
confidence) regions, respectively in companion mass and pulsar mass. The
gray shaded region is excluded by the mass function and the requirement that
m, andi determine the pulsar mass, = 1.438+ 0.024M, sini < 1; the dotted line indicatesini = 0.99 for reference.

(Fig. 3). This result is several times more precise than the pre-
vious best mass measurements of heavily recycled neutron starsnduced by differential Galactic rotation is about 2 orders of
We have used the Shapiro delay to measure two post-Kepleriarmagnitude smaller than the secular acceleration and has there-

parameters for this system, shage= sini = 0.99822+ fore been neglected. )

0.00011and range = mG/c® = 1.004+ 0.011 us , wher& Similarly, the secular acceleration induces an appafent
is the gravitational constant amds the speed of light. The value  From the distance and proper motion of PSR J198844, this
of w predicted by general relativity is only T4 yr?, so it will be kinematicP, is expected to be0.5 x 10 *%, about 400 times

many years before a third post-Keplerian parameter can be measurddrger (and of opposite sign) than the predicted intrinsic value.
in this extremely circular system. We note that PSR J1&R14 We note that if we includé®, in our timing model, the best-

has the smallest eccentricity of any known systers; (1.35=+ fit value is consistent with this prediction but the significance
12) x 107" is low. Therefore, we have not includd®)  in our analysis.
However, in several years, this kinemalg  will give an im-
2.2 Distance and Kinematic Effects proved measurement of the pulsar distance (Bell & Bailes

1996).

The measured parallax; = 0.88+ 0.03 mas gives a dis-  The transverse velocity resulting from the parallax distance
tance ofd, = 1.14°55; kpc. We can now calculate the mean free and the measured proper motion260"7 ki, ssomewhat
electron density along the line of sightto PSR J198944 based  higher than is typical for binary millisecond pulsars (Toscano
on its dispersion measure (DM)n,) = DM/d = DM7 = etal. 1999). We note that, in the absence of the parallax distance

(0.0091+ 0.0003) cm® The DM-derived distance estimate is  measurement, we would have significantly underestimated the
0.46 kpc (Cordes & Lazio 2002), indicating that the free electron system’s velocity.

density along the line of sight is significantly overestimated by
the model. There are no pulsars near PSR J33J494 on the
sky with accurate parallax measurements either through pulse
timing or interferometry; PSR J1968744 will therefore pro- We have obtained the most precise mass of a heavily recycled
vide an important constraint on galactic electron density models.neutron star through high-precision timing measurements of PSR
The pulsar’s proper motion induces an apparent secular ac-J1909-3744: m, = 1.438+ 0.024 M., . While PSR J1909
celeration equal tg®d/c  (Shklovskii 1970). The secular ac- 3744 appears to be more massive than the canonical range for
celeration corrupts the observed period derivative (). Since mildly recycled pulsarsl(35+ 0.04M, ), its mass is consistent
the pulsar’s intrinsic spin-down rate must be nonnegative, we with that of the original member of this class, namely, PSR
can obtain an upper distance limita)f,, = 1.4  kpc, consistent B1913+16. Therefore, it is unlikely that a clear mass distinction
with the measured parallax. Conversely, the measured propecan be made between the millisecond pulsars with low-mass
motion and parallax-derived distance allow us to correct for white dwarf companions and the mildly recycled pulsars with
the secular acceleration and determine the intrinsic spin-downmassive companions.
rate,P,, , which we then use to calculate the characteristic age, It is possible that neutron star birth masses are simply not
7. = PI(2P,,,), and surface dipole magnetic field,, = as homogeneous as the sample of measurements suggested until
3.2 x 10" (PP,,)*?G (Table 1). We note that the acceleration recently. The discovery of PSR JO733039B in the double

3. CONCLUSIONS
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pulsar system witim, = 1.250+ 0.005M, is difficulttorec- arrival times with a weighted rms residual of just 230 ns. By
oncile with the millisecond pulsars PSR JO#51807 and PSR integrating the data further, we found we could reduce the re-
J1748-24461, with most probable masses near or exceedingsidual to just 74 ns, but there is reason to believe that we can
2 M., based purely on post-supernova accretion history. If we reduce this figure still further. At present typical integrations are
assume that the mass of PSR J073039B (the only well- only an hour, and there is potentially 512 MHz of bandwidth at
measured slow pulsar mass and the lowest measured neutro80 cm available for precision timing at the Parkes telescope, only
star mass) is representative of preaccretion neutron stars, itt28 MHz of which is used by the CPSR2 instrument. Longer
appears that the accretion<dd.2M, is sufficient for spinning  observations with 4 times the bandwidth could potentially yield
pulsars up to millisecond periods, implying that most of the arrival times with an integrated rms residual of just a few tens
companion’s original mass may be lost from the system. On of ns. Such precision would allow us to probe the universe for
the other hand, the more massive millisecond pulsars suggesthe signature of supermassive black hole binaries because of the
that, in some cases, the accreted mass is several times largeeffect of gravitational waves on timing measurements (Jaffe &
Shortly after their discovery, it was proposed that millisecond Backer 2003; Lommen et al. 2003).
pulsars were produced from normal neutron stars that were
recycled by the accretion of matter (Alpar et al. 1982). How-
ever, an alternative hypothesis was put forward by Bailyn &  We acknowledge S. Anderson, W. van Straten, J. Yamasaki,
Grindlay (1990), in which millisecond pulsars were created by and J. Maciejewski for major contributions to the development
the accretion-induced collapse of a white dwarf. In this sce- of CPSR2, and we thank H. Knight for assistance with obser-
nario, the millisecond pulsar should be less than the Chandra-vations. These data contain some arrival times from the P456
sekhar mass minus the binding energy that is realized uponprogram of R. Manchester et al. B. A. J. and S. R. K. thank

collapse of the neutron star. PSR J19@Y44's mass suggests
that the recycling process is more probable.
The timing precision of PSR J1968B744 with a 64 m class

NSF and NASA for supporting their research. The Parkes tele-
scope is part of the Australia Telescope, which is funded by
the Commonwealth of Australia for operation as a National

telescope is extraordinary. Every 10 minutes, CPSR2 yields twoFacility managed by CSIRO.
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