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Fig. 1.| Residual pulse arrival times after removing the timing model in table 1 but with constant projected semi-major axis ( _x � 0).
Open and closed circles indicate Mark III and Mark IV data, respectively. The solid line shows the residual arrival times expected from the
changing apparent orbital size, _x = 5� 10�14; this curve is sinusoidal with the orbital period with amplitude increasing linearly towards the
ends of the data set. Arrival time uncertainties shown in the �gure do not include corrections for systematics.

No observations were made between November 1994 and
June 1998 due to the Arecibo telescope upgrade project.
Between July 1998 and August 2000, observations

were made as part of the Arecibo coordinated timing
project. We used the Princeton Mark IV system for
data collection (Stairs et al. 2000). In each sense of
circular polarization, a 5 MHz passband was mixed to
baseband using local oscillators in phase quadrature.
The four resulting signals were low-pass �ltered at
2.35MHz, sampled at 5MHz, quantized to 4 bits, and
stored on disk or tape. Upon playback, these voltages
were coherently dedispersed using software techniques.
Self- and cross-products of the complex voltages were
calculated, giving power measurements in four Stokes
parameters. These were summed synchronously with
the pulse period with integration times of 190 seconds,
yielding pulse pro�les with full polarimetry. The
pro�les were calibrated by measurement of a pulsed noise
calibration signal injected at the telescope receiver at the
start or end of each observation; the noise calibration
signals themselves were calibrated against continuum radio
sources.

2.2. Time of arrival measurements

We derived TOAs by �tting a standard template to the
total intensity de-dispersed pro�les. Separate standard
templates were used for the Mark III and Mark IV
data sets. The locations of the pulse peak measured in
the �t were added to the scan start times to produce
TOAs. For pre-upgrade observations, the start times were
referenced to an observatory clock, which we corrected
to UTC(NIST) and, ultimately, UTC. For post-upgrade
observations, start times were referenced to GPS time,
which tracks UTC within tens of nanoseconds, suÆcient
precision for our purposes.
We �t for an arbitrary o�set between the Mark III and

Mark IV TOAs. The measured o�set, 43 � 3�s, results
from a combination of di�erences in signal propagation

time through the hardware and di�erences in the standard
templates used for measuring TOAs.
The set of TOAs from each day of observations were

combined into a single e�ective TOA for that day. Days
with very high uncertainties or few measurements were
eliminated. The �nal data set consisted of 78 TOAs, of
which 58 were taken with Mark III (1991{1994) and 20
were taken with Mark IV (1998{2000).

2.3. TOA uncertainties

An uncertainty was calculated for each daily TOA based
on the scatter of the arrival times within that day. The
root-mean-square of the uncertainties thus calculated was
1.4�s for both the Mark III and Mark IV data. (While
the time resolution of the Mark IV data was much higher
than that of the Mark III data, the Mark III observations
had a larger bandwidth and, usually, a substantially longer
on-source time, resulting in similar overall precision.) In
the timing analysis described below, we found the �2

values to be systematically high, �2=� = 3:3, where �
is the number of degrees of freedom of the �t. There
was no evidence of long-term or orbit-dependent trends
in the pulse arrival times, suggesting the high �2 values
are day-to-day jitter in our measurements, or systematic
underestimates of our uncertainties, of unknown origin.
We compensated for this by adding 2:4�s in quadrature
to the statistical uncertainty calculated on each day, which
yielded �ts with �2=� � 1. By varying this systematic
term independently for the Mark III and Mark IV data
while analyzing separate �2 statistics for these two subsets
of the data, we found that similar quadrature terms were
needed for both subsets.

3. timing analysis

3.1. Timing model and _x

We used the Tempo
2 software package to �t a pulse

timing model to the observed TOAs. A standard
2 http://pulsar.princeton.edu/tempo
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Table 1

Parameters of PSR J2019+2425 System
a

Right ascension, � (J2000) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20h19m31:s94900(3)
Declination, Æ (J2000) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . +24Æ25015:003038(5)
Proper motion in R. A., ��� = (d�=dt) cos Æ (mas/yr). . . �9:41(12)
Proper motion in Dec., �Æ = dÆ=dt (mas/yr) . . . . . . . . . . . . �20:60(15)
Period (ms) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.93452408033124(11)
Period derivative (10�21) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.0237(12)
Epoch (MJD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50000.0000
Orbital period, Pb (days) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76.51163479(2)
Change rate of orbital period, _Pb . . . . . . . . . . . . . . . . . . . . . . �3(6)� 10�11

Projected semi-major axis, x (lt-s). . . . . . . . . . . . . . . . . . . . . . 38.7676297(8)
Change rate of projected semi-major axis, _x . . . . . . . . . . . 5:1(8)� 10�14

Eccentricity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.00011109(4)
Longitude of periastron, ! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159:Æ03(2)
Time of periastron passageb(MJD). . . . . . . . . . . . . . . . . . . . . . 50054:6439021� 0:004
Dispersion measurec(pc cm�3) . . . . . . . . . . . . . . . . . . . . . . . . . . 17.203
Mass function, f1 (M�) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0106865005(6)
aValues in parentheses are \2�" uncertainties (95% con�dence) in the last digit quoted.
bHighly covariant with longitude of periastron; value corresponds to ! = 159:Æ0300000:
cHeld �xed at the value found by Nice, Fruchter, & Taylor (1993).

timing model incorporating spin-down (period and period
derivative), astrometric parameters (position and proper
motion), and �ve Keplerian parameters of the pulsar orbit
(orbital period, semi-major axis projected into the line
of sight, eccentricity, angle of periastron, and time of
periastron passage) is not adequate to fully describe the
observed TOAs. It is necessary to also allow a secular
change in the projected semi-major axis, _x = dx=dt, where
x � (a1 sin i)=c, and a1 is the semi-major axis of the pulsar
orbit, i is the inclination of the angular momentum vector
of the orbit relative to the earth{pulsar line-of-sight, c is
the speed of light, and the dot indicates a time derivative.
The need for a nonzero _x is illustrated in �gure 1. The
measured value of _x is

_x = (5:1� 0:8)� 10�14: (1)

The full set of parameter values from the best timing
model �t is listed in table 1. Uncertainties were calculated
by a bootstrap procedure. Values given in the table are
twice the formal uncertainties. Since all observations were
made at a single radio frequency, the dispersion measure
was held �xed in the timing analysis.

3.2. Interpretation of _x

The nonzero _x = (1=c) d(a1 sin i)=dt could, in principle,
result from a change in orbital size, a1, or inclination angle,
i, or a combination. First we will consider (and reject) the
possibility of a change in a1. Then we will analyze the
implications of a change in inclination angle.
Peters (1964) calculates the change in orbital size of a

system of two point masses under general relativity,

_a1 = �
64

5
T 3
�

m1m
5
2

(m1+m2)3
1

a31

1

(1� e2)7=2
�

�

�
1 +

73

24
e2 +

37

96
e4
�
; (2)

where T� = GM�=c
3 = 4:925 � 10�6 s, m1 and m2

are the pulsar and white dwarf masses expressed in

solar masses, e is the eccentricity, and a1 is expressed
in light-seconds. While m1, m2, and a1 are not
unambiguously known, we can estimate the magnitude
of _a1 by using m1 � 1:4M�, m2 � 0:35M�, and
a1 � 40 lt-sec, from which _a1 � 3� 10�23. This is many
orders of magnitude below the observed _x = 5� 10�14.
More generally, for typical astrophysical processes

within a binary system, j _a1=a1j will be the same order
of magnitude as j _Pb=Pbj, where Pb is the orbital period.

Interpreting the observed value of _Pb (table 1) as an upper

limit, j _Pbj < 9 � 10�11, we have j _Pb=Pbj < 1:4 � 10�17.
This is two orders of magnitude smaller than the observed
j _x=xj = 1:3 � 10�15, so we conclude that the observed
nonzero _x is not caused by orbital evolution.
The nonzero _x must arise because of a change in

the observed inclination of the orbit. Kopeikin (1996)
discusses how apparent changes in orbital parameters arise
due to the relative motion of the binary and the observer.
The situation is sketched in �gure 2. A component of the
proper motion lies in the plane formed by the line-of-sight

µ*

pulsar orbit

i

observatory

a1

x = a 
sin

 i
1

Fig. 2.| Geometry relevant to the observation of _x. See section
x 3.2.
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to the binary and the angular momentum vector of the
binary. We write this as �� = � sin �, where � is the total
proper motion and � = ���
 is the di�erence between the
position angle of proper motion, ��, and the position angle
of the ascending node, 
. It is clear that this component
of proper motion equals the change in inclination angle,
�� = di=dt (�gure 2). From the de�nition of x,

_x

x
= � cot i sin �: (3)

The orientation of the binary, �, is not known. However,
requiring j sin �j < 1 in equation 3 gives a �rm upper limit
on i. Using � = 22:62� 0:15mas/yr, x = 38:7676 lt-s, and
_x = 4:3 � 10�14 (the lower limit of allowed values from
table 1) in equation 3 yields

i < tan�1
�
�
x

_x

�
= 72Æ: (4)

The distribution of inclination angles within this
constraint can be studied using Monte Carlo analysis. We
make the a priori assumption that all orientations of the
binary system in space are equally likely. Under this
assumption, � is a uniformly distributed random variable
and i is a random variable distributed with uniform
probability in cos i. We select values of � and i from these
distributions and retain only those combinations which
satisfy equation 3 within the measurement uncertainties.
In the resulting data set, the distribution of i is somewhat
peaked towards the highest allowed values. The median
likelihood inclination angle within this distribution is 63Æ.
We discuss the implications of this in x4.

3.3. Shapiro delay

According to general relativity, the pulse signal is
delayed as it propagates through the gravitational
potential well of the secondary. This \Shapiro delay" for
a pulsar in a circular orbit is

�t = �2T�m2 ln[1� sin i sin �b]; (5)

where �b is the orbital phase measured from the ascending
node. For small inclination angles, the variation of �t over
the orbit is nearly sinusoidal, so it is indistinguishable from
a slight increase in the (a priori unknown) orbital size, a1.
For edge-on orbits (i � 90Æ), the variation in �t becomes
strongly peaked at �b � 90Æ, when the pulsar is behind the
secondary; this breaks the covariance with the Keplerian
orbital model and allowsmeasurement of the Shapiro delay
(and hence measurement of m2 and i).
We did not detect the Shapiro delay in the

PSR J2019+2425 TOAs. We can use this non-detection
to place limits on allowed inclination angles. We analyzed
the TOAs of PSR J2019+2425 using a grid of timing
models, each of which incorporated the Shapiro delay
signal appropriate for some inclination angle 0Æ < i < 90Æ

and secondary mass 0 < m2 < 0:8M�. The �ts to
most such models yielded �2 values similar to a model
with no Shapiro delay. However, models with high
inclination angles and/or high secondary masses fared
poorly|meaning that the Shapiro delay would have been
detected had these been the true values of i and m2.
Figure 3 shows the parameter space excluded by models
with ��2 > 4 (i.e., 2�) relative to the base model. For
modest secondary masses, the inclination angle limit is
i . 73Æ, very similar to the limit from the _x measurement.

4. mass

The observational limits on the inclination angle,
combined with binary evolution theory, constrain the
mass of the pulsar. Like all wide neutron star{white
dwarf binaries, the PSR J2019+2425 system underwent an
extended period of mass transfer, during which the pulsar
was spun up to its short period. A straightforward model
of this mass transfer gives a unique relation between the
orbital period, Pb, and secondary mass, m2 at the end
of this phase of evolution (see Rappaport et al. 1995 and
references therein.). Key elements of this model include (i)
stable mass transfer, with the secondary �lling its Roche
lobe in the giant phase; (ii) well-de�ned dependence of
the radius of the giant secondary on its core mass; and
(iii) dissipation of almost all of the outer envelope of the
secondary, so that the present day secondary mass, m2, is
only slightly more than the secondary core mass.
In a numerical analysis of systems which evolve into

neutron star{white dwarf binaries, Tauris and Savonije
(1999) found the relation between orbital period (in days)
and secondary mass (in solar masses) to be

m2 =

�
Pb
b

�1=a

+ c; (6)

where a, b, and c depend on the chemical composition of

Fig. 3.| Constraints on the inclination angle, i, and white dwarf
mass, m2, from measured _x and from limits on the Shapiro delay.
Any point outside the shaded regions is allowed by the timing data.
The \median likelihood" inclination angle, indicated by a dashed
vertical line, is based on an a priori uniform distribution in the
direction of the orbital angular momentum vector. The horizontal
dashed lines indicate the companionmass values expected from the
Pb�m2 relation for population I and II secondaries. The solid curves
indicate contours of constant neutron star mass, m1, calculated
using the observed mass function for a given value of i and m2.
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the secondary,

(a; b; c) =

8<
:

4:50 1:2� 105 0:120 Pop. I
4:75 1:1� 105 0:115 Pop. I+II
5:00 1:0� 105 0:110 Pop. II:

(7)

For the orbital period of PSR J2019+2425, Pb = 76:512d,
this yields masses ranging from m2 = 0:31M� for a
population I donor to m2 = 0:35M� for a population II
donor. These values are indicated in �gure 3. In a similar
analysis, Rappaport et al. (1995) found 0:26 < m2 < 0:35.
The pulsar is likely very old. Its characteristic

age, calculated after correcting the observed period
derivative for bias due to the translational Doppler
e�ect, is 27Gyr (see the discussion in Nice & Taylor
1995). Optical observations of the white dwarf secondary
(Lundgren, Foster, & Camilo 1996) give a cooling
age of 7.6 to 13.9Gyr, assuming it is a helium core
(Hansen & Phinney 1998). Thus the population II value
ofm2 = 0:35M� is likely to be appropriate for this system.
The observed mass function of the pulsar is

f1 �
(m2 sin i)3

(m1 +m2)2
=

4�2c3

G

x3

P 2
b

= 0:010685M�: (8)

For m2 = 0:35M� and i < 72Æ, this constrains the mass
of the pulsar to be

m1 < 1:51M� (9)

(see �gure 3). This limit is conservative, in that it
holds not just for a population II companion but for any
secondary mass m2 < 0:35M�, i.e., the full range of
masses considered by Rappaport et al (1995) and Tauris &
Savonije (1999). For the particular case of m2 = 0:35M�,
at the median likelihood value of i = 63Æ, the pulsar mass
is m1 = 1:33M�.

5. polarimetry

Since the angular momentum of the spun-up pulsar
is almost entirely due to mass transferred from the
orbital companion, the angular momentum vector of
the pulsar must be aligned with that of the binary
system. Measurement of the geometry of the pulsar could,
therefore, give the inclination of the orbit. The standard
picture of pulsar radio emission along dipole magnetic
�eld lines, the \rotating vector model" (RVM), yields a
well known expression for the position angle of linearly
polarized radiation,  , as a function of pulse phase, �:

 �  0 =
sin� sin(� � �0)

sin � cos�� cos � sin� cos(�� �0)
; (10)

where � is the angle between the rotation and magnetic
axes of the pulsar, � is the angle between the rotation
axis and the line of sight, and �0 and  0 are the pulse
phase and position angle at the point with the steepest
change in position angle. We expect � = i or � =
180Æ�i for pulsar rotation aligned with the orbital angular
momentum vector.
As discussed in x2, our Mark IV data includes full

polarization information. Figure 4 shows a polarization
pro�le of PSR J2019+2425 created by summing all strong
Mark IV integrations. The pulsar has emission over a
substantial fraction of the period and is highly linearly
polarized. (An exception is that the weak component at
� = 60Æ is unpolarized.) Unfortunately, there is only

Fig. 4.| Pulse pro�le of PSR J2019+2425 at 430 MHz. The
upper plot shows total intensity (upper trace), linearly polarized
intensity (middle trace), and circularly polarized intensity (lower
trace) as a function of pulse phase, �. The lower plot shows the
position angle of linear polarization,  . (Position angle is de�ned
as increasing counterclockwise on the sky, with an arbitrary zero
point.) The solid curve in the lower plot shows the overall best �t
of the rotating vector model. The dashed curve shows the best RVM
�t when restricted to � = 90Æ. The RVM �ts were performed on a
1024-bin pro�le, but a 256-bin pro�le is shown here for clarity.

modest variation in the position angle. This is indicative
of alignment between the rotation and magnetic axes of
the pulsar (small �), and in practice makes it diÆcult
to discern �. We performed a grid search in � and �,
�nding the best RVM �t for each combination of these
angles. The best overall �t had � = 4Æ and � = 12Æ with
a �2 = 326 for 268 degrees of freedom; this �t is plotted
in �gure 4. This value of �, 12Æ, is surprisingly small, and
would imply a very small neutron star mass (�gure 3).
Though the formal signi�cance of this �t is reasonably
good, RVM �ts with values of � ranging from 0Æ to 90Æ

can be found with only a modest increase in �2, as shown
in �gure 5. The best RVM �t with � = 90Æ is also shown
in �gure 4; qualitatively, it does not appear very di�erent
from the overall best-�t RVM model. It should also be
noted that millisecond pulsars often show deviations from
the rotating vector model (e.g., Xilouris et al., 1998; Stairs,
Thorsett & Camilo, 1999). Because of this, we conclude
that the data cannot be used to place tight limits on �,
although within the context of the RVM we can say with
con�dence that � . 30Æ.

6. conclusion

Using two di�erent methods, our timing observations
of PSR J2019+2425 constrain the orbital inclination to
be i . 72Æ. Combined with a model for evolution of
the system, this limits the neutron star mass to m1 <
1:51M�, with the median likelihood m1 = 1:33M� for a
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population II secondary. For a population I secondary the
mass values would be lower.
The use of _x to place an upper limit on m1 based

on a measurement of _x has been used for one other
pulsar. PSR J0437�4715 has _x = 8 � 10�12, x =
3:367 lt-s, � = 141mas/yr, which gives a limit i < 43Æ

(Sandhu et al. 1997). When combined with the Pb � m2

relation of Rappaport et al., this gives m1 < 1:51M�

(Thorsett & Chakrabarty 1999), coincidentally the same
value as we �nd for PSR J2019+2425.
Our �nding adds to the growing body of evidence that

neutron stars in neutron-star{white dwarf orbits are not
much more massive than those in neutron star{neutron
star binaries. (See Thorsett & Chakrabarty 1999 for
a comprehensive review of pulsar mass measurements).
It is somewhat surprising that the neutron stars in
these systems are not more massive, as the secondaries
in these systems must lose several tenths of a solar
mass as they evolve towards white dwarfs. Much of
this mass could, in principle, be accreted onto the
neutron stars during the low-mass X-ray binary (LMXB)
phase. To keep the neutron star mass low, most of
the transferred mass must leave the system, perhaps
being ejected from the vicinity of the neutron star via
the \propeller e�ect" (Illarionov & Sunyaev 1975). Taam,
King & Ritter (2000) suggest that wide (Pb & 2 days)
LMXBs are likely to be transient, with accretion occurring
in short, super-Eddington outbursts that expel most of the
transferred mass in a wind. Low neutron star masses such
as that of PSR J2019+2425 lend strong support to this
scenario.
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Fig. 5.| Results of �ts of the rotating vector model to the linearly
polarized pulse pro�le. Best-�tting values of the angle between the
rotation and magnetic axes, �, and the angle between the rotation
axis and the line of sight, �, are shown. Representative �2 values
are given from �ts with 268 degrees of freedom.
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