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The first well-studied compact binary system was discovered in 1974, the binary pulsar PSR 1913+16, in the 
constellation Aquila. 
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ABSTRACT 
We have detected a pulsar with a pulsation period that varies systematically between 0S058967 and 0S059045 over 

a cycle of 0d3230. Approximately 200 independent observations over 5-minute intervals have yielded a well-sampled 
velocity curve which implies a binary orbit with projected semimajor axis U] sin i = 1.0 Rq, eccentricity e = 0.615, and 
mass function/(w) = 0.13 M0. No eclipses are observed. We infer that the unseen companion is a compact object with 
mass comparable to that of the pulsar. In addition to the obvious potential for determining the masses of the pulsar and 
its companion, this discovery makes feasible a number of studies involving the physics of compact objects, the astro- 
physics of close binary systems, and special- and general-relativistic effects. 
Subject headings: binaries — black holes — neutron stars — pulsars — relativity 

I. INTRODUCTION 
We wish to report the detection of an unusual pulsar 

discovered during the course of a systematic survey for 
new pulsars being carried out (Hulse and Taylor 1974) 
at the Arecibo Observatory in Puerto Rico. The object 
has a pulsation period of about 59 ms—shorter than 
that of any other known pulsar except the one in the 
Crab Nebula—and periodic changes in the observed 
pulsation rate indicate that the pulsar is a member of a 
binary system with an eccentric orbit of 0d3230 period. 
Thus for the first time it is possible to observe the 
gravitational interactions of a pulsar and another mas- 
sive object, and additional observations should make it 
possible to determine the masses of the two objects un- 
ambiguously. 

II. DISCOVERY OF THE BINARY PULSAR 
The equipment and searching method used in the 

pulsar survey have been described previously (Hulse 
and Taylor 1974). Forty pulsars have now been de- 
tected in this work, of which 32 were not previously 
known; the parameters of the 21 most recently dis- 
covered will be given in another paper (Hulse and 
Taylor 1975). The 59-ms pulsar, PSR 1913 + 16, was 
first detected in 1974 July. Attempts to measure its 
period to an accuracy of + 1 /¿s were frustrated by ap- 
parent changes in period of up to ^80 ¿¿s from day to 
day, and sometimes by as much as 8 ^s over 5 minutes. 
Such behavior is quite uncharacteristic of other pulsars: 
the largest known secular changes of period are of order 
10 ¿¿s per year, and irregular changes of period are many 
orders of magnitude smaller (Manchester and Taylor 
1974). It soon became clear that Doppler shifts re- 
sulting from orbital motion of the pulsar could account 
for the observed period changes, and by the end of 
September an accurate velocity curve of this “single- 
line spectroscopic binary’’ had been obtained (see 
figure 1). 

The parameters of the pulsar are given in table 1. In 
the table, celestial and galactic coordinates are followed 
by Pcm, the “center of mass” pulsar period (corrected 
for the orbital motion of the pulsar and for the motion 

of the observer in the solar system) ; an upper limit for 
dPcm/dt, the first derivative of the period; DAI, the 
dispersion measure; J+o, the average flux density at 
430 AIHz; and an upper limit to We, the effective pulse 
width. (The pulses observed at 430 MHz are probably 
significantly broadened by multipath scattering in the 
interstellar medium.) 

The elements of the binary orbit are given in table 2. 
Yi is the semiamplitude of radial velocity variation of 
the pulsar with respect to the center of mass of the 
system; Pb is the period of the binary orbit, corrected 
for the motion of the observatory; e is the eccentricity 
of the orbit; co is the longitude of periastron; T is the 
time of periastron passage; ai sin i is the projected 
semimajor axis of the pulsar orbit, i being the inclina- 
tion between the orbit and the plane of the sky; and 
f{m) = (Mo sin iy/(Mi + M2)2 is the mass function. 
These quantities were evaluated from the velocity 
measurements shown as filled circles in figure 1. The 

TABLE 1 
Parameters of the Binary Pulsar 

+1950.0) = 19h13m13s ± 4s 

0(1950.0) = +16o00'24" ± 60" 
l = 49?9 
b = 2?1 

Pcm = 0S059030 ± 0*000001 
dPcJdt < 1 x 10-12 

DM = 167 ± 5 cm-3 pc 
S430 = 0.006 ± 0.003 Jy 
We < 10 ms 

TABLE 2 
Elements of the Orbit 

Ki =199 + 5 km s"1 

Pb = 27908 + 7 s 
e = 0.615 ± 0.010 

co = 179° + Io 

T = JD 2,442,321.433 ± 0.002 
ai sin i = 1.00 + 0.02 R0 

f(m) = 0.13 ± 0.01 M0 
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II. CLOCK-COMPARISON EXPERIMENTS

Pulsar timing experiments are straightforward in con-
cept: one measures pulse times of arrival (TOAs) at the
telescope, and compares them with time kept by a stable
reference clock. A remarkable wealth of information
about a pulsar's spin, location in space, and orbital
motion can be obtained from such simple measurements.
For binary pulsars, especially, the task of analyzing a se-
quence of TOAs often assumes the guise of another intri-
cate detective game. Principal clues in this game are the
recorded TOAs. The first and most difBcult objective is
the assignment of unambiguous pulse numbers to each
TOA, despite the fact that some of the observations may
be separated by months or even years from their nearest
neighbors. During such inevitable gaps in the data, a
pulsar may have rotated through as many as 10 —10'
turns, and in order to extract the maximum information
content from the data, these integers must be recovered
exactly. Fortunately, the correct sequence of pulse num-
bers is easily recognized, once attained, so you can tell
when the garne has been "won. "
A block diagram of equipment used for recent pulsar

timing observations (Taylor, 1991)at Arecibo is shown in
Fig. 3. Incoming radio-frequency signals from the anten-
na are amplified, converted to intermediate frequency,
and passed through a multichannel spectrometer
equipped with square-law detectors. A bank of digital
signal averagers accumulates estimates of a pulsar's
periodic wave form in each spectral channel, using a
precomputed digital ephemeris and circuitry synchron-
ized with the observatory's master clock. A programm-
able synthesizer, its output frequency adjusted once a
second in a phase-continuous manner, compensates for
changing Doppler shifts caused by accelerations of the
pulsar and the telescope. Average profiles are recorded
once every few minutes, together with appropriate time
tags. A log is kept of small measured oft'sets (typically of
order 1 ps) between the observatory clock and the best

available standards at national time-keeping laboratories,
with time transfer accomplished via satellites in the Glo-
bal Positioning System.
An example of pulse profiles recorded during timing

observations of PSR 1913+16 is presented in Fig. 4,
which shows intensity profiles for 32 spectral channels
spanning the frequency range 1383—1423 MHz, followed
by a "de-dispersed" profile at the bottom. In a five-
minute observation such as this, the signal-to-noise ratio
is just high enough for the double-peaked pulse shape of
PSR 1913+16to be evident in the individual channels.
Pulse arrival times are determined by measuring the
phase ofFset between each observed profile and a long-
term average with much higher signal-to-noise ratio.
DifFerential dispersive delays are removed, the adjusted
o6'sets are averaged over all channels, and the resulting
mean value is added to the time tag to obtain an
equivalent TOA. Nearly 5000 such five-minute measure-
ments have been obtained for PSR 1913+16since 1974,
suing essentially this technique. Through a number of
improvements in the data-taking systems (Taylor et al. ,
1976; McCulloch et al. , 1979; Taylor et al. , 1979; Taylor
and Weisberg, 1982, 1989; Stinebring et aI., 1992), the
typical uncertainties have been reduced from around 300
ps in 1974 to 15—20 ps since 1981.

1423 MHz

1403 MHz

GPS Satellites

From antenna
1383 MHz

Synthesizer

Spectrometer
32 Channels

32
Observatory

Clock Compare

RCVR

UTC(NIST)
Boulder

32 x 1024
Sig. Ave. Clock log

Time (s)
.04

Computer Programmable
Synthesizer

Average profiles

FIR. 3. Simplified block diagram of equipment using for timing
pulsars at Arecibo.

FIG. 4. Pulse profiles obtained on April 24, 1992 during a five-
minute observation of PSR 1913+16. The characteristic
double-peaked shape, clearly seen in the de-dispersed profile at
the bottom, is also discernible in the 32 individual spectral
channels.
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First steps: accurate determination of orbital parameters according to classical Keplerian theory

second ed. 1935
(https://archive.org/details/binarystars00aitk/page/n8)
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PHASE 
Fig. 1.—Velocity curve for the binary pulsar. Points represent measurements of the pulsar period distributed over parts of 10 different 

orbital periods. The curve corresponds to equations (l)-(4), with parameters from table 2. 

velocity curve also shown in the figure was then com- 
puted from the elements using the equations (Aitken 
1964) 

Vri = Ah[cos (0 + co) + 6 COS <x>] , (1) 
tan = [(1 + e)/(l “ <0]1/2 tan , (2) 

M = E — e sm E , (3) 

0 = M/27T = (^ - T)/Ph, (4) 

where Vrl is the radial velocity of the pulsar (the “visi- 
ble” member of the binary pair); M, E, and 6 are re- 
spectively the mean, eccentric, and true anomaly of the 
orbit of the pulsar about the center of mass; 0 is the 
orbital phase; and t is the time. 

The orbital elements given in table 2 were obtained 
from direct measurements of the pulsar period over 
about 200 different 5-minute intervals distributed over 
10 days. The 5-minute intervals are long enough that 
the period can be measured to an accuracy of about 1 
¿¿s, but short enough that the period does not change too 
drastically within the interval. 

III. PHYSICAL PARAMETERS OE THE BINARY PAIR 

TABLE 3 
Possible Parameters of Binary Pulsar System 

i Fi 
(degrees) (max) 

Mi = 0.3 Mi = 1.0 Mi = 1.5 

M2 R2 m2 R2 m2 R2 
90  0.001k 0.4 0 0.7 0 0.9 0 
60  0.0012c 0.5 <0.6 0.9 <0.8 1.1 <0.8 
30  0.002k 1.5 <1.3 2.2 <1.6 2.6 <1.8 
20  0.003k 3.8 <1.9 4.8 <2.1 5.4 <2.3 
10  0.006k 26 <3.5 27 <3.7 28 <3.7 

the inclination i is rather small, which seems unlikely 
in view of the large observed radial velocity (^-TCTk). 
Furthermore, the orbit is such that if the inclination 
were close to 90° and the size of the companion were 
large enough, eclipses of the pulsar would occur at 
orbital phase 0 = 0.93. No eclipses are observed, 
which requires the radius of the companion to be less 
than 

^2,max = (öl + Ö2)(l - e2) sin f/tan i 
= Rq(1 + M1/M2)(l - e2)/tan i , (5) 

The mass of the pulsar is, of course, a quantity of 
great interest, as is the size and mass of the unseen 
companion. The observed mass function permits a wide 
range of values for Mi and M2. However, if we restrict 
attention to values of Mi thought to be reasonable for 
neutron stars, the picture becomes clearer. Table 3 gives 
the required values for Fi, the maximum velocity of the 
pulsar, and M2, the mass of the companion, for assumed 
inclinations i = 90°, 60°, 30°, 20°, and 10°, and pulsar 
masses Mi = 0.3, 1.0, and 1.5 M0. Evidently the mass 
ratio Mi/M2 cannot be very different from unity unless 
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Velocity curve for the binary pulsar. Points represent measurements of the 
pulsar period distributed over parts of 10 different orbital periods. The curve 
corresponds to equations from Aitken, with the following orbital 
parameters:
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I. INTRODUCTION 
We wish to report the detection of an unusual pulsar 

discovered during the course of a systematic survey for 
new pulsars being carried out (Hulse and Taylor 1974) 
at the Arecibo Observatory in Puerto Rico. The object 
has a pulsation period of about 59 ms—shorter than 
that of any other known pulsar except the one in the 
Crab Nebula—and periodic changes in the observed 
pulsation rate indicate that the pulsar is a member of a 
binary system with an eccentric orbit of 0d3230 period. 
Thus for the first time it is possible to observe the 
gravitational interactions of a pulsar and another mas- 
sive object, and additional observations should make it 
possible to determine the masses of the two objects un- 
ambiguously. 

II. DISCOVERY OF THE BINARY PULSAR 
The equipment and searching method used in the 

pulsar survey have been described previously (Hulse 
and Taylor 1974). Forty pulsars have now been de- 
tected in this work, of which 32 were not previously 
known; the parameters of the 21 most recently dis- 
covered will be given in another paper (Hulse and 
Taylor 1975). The 59-ms pulsar, PSR 1913 + 16, was 
first detected in 1974 July. Attempts to measure its 
period to an accuracy of + 1 /¿s were frustrated by ap- 
parent changes in period of up to ^80 ¿¿s from day to 
day, and sometimes by as much as 8 ^s over 5 minutes. 
Such behavior is quite uncharacteristic of other pulsars: 
the largest known secular changes of period are of order 
10 ¿¿s per year, and irregular changes of period are many 
orders of magnitude smaller (Manchester and Taylor 
1974). It soon became clear that Doppler shifts re- 
sulting from orbital motion of the pulsar could account 
for the observed period changes, and by the end of 
September an accurate velocity curve of this “single- 
line spectroscopic binary’’ had been obtained (see 
figure 1). 

The parameters of the pulsar are given in table 1. In 
the table, celestial and galactic coordinates are followed 
by Pcm, the “center of mass” pulsar period (corrected 
for the orbital motion of the pulsar and for the motion 

of the observer in the solar system) ; an upper limit for 
dPcm/dt, the first derivative of the period; DAI, the 
dispersion measure; J+o, the average flux density at 
430 AIHz; and an upper limit to We, the effective pulse 
width. (The pulses observed at 430 MHz are probably 
significantly broadened by multipath scattering in the 
interstellar medium.) 

The elements of the binary orbit are given in table 2. 
Yi is the semiamplitude of radial velocity variation of 
the pulsar with respect to the center of mass of the 
system; Pb is the period of the binary orbit, corrected 
for the motion of the observatory; e is the eccentricity 
of the orbit; co is the longitude of periastron; T is the 
time of periastron passage; ai sin i is the projected 
semimajor axis of the pulsar orbit, i being the inclina- 
tion between the orbit and the plane of the sky; and 
f{m) = (Mo sin iy/(Mi + M2)2 is the mass function. 
These quantities were evaluated from the velocity 
measurements shown as filled circles in figure 1. The 

TABLE 1 
Parameters of the Binary Pulsar 

+1950.0) = 19h13m13s ± 4s 

0(1950.0) = +16o00'24" ± 60" 
l = 49?9 
b = 2?1 

Pcm = 0S059030 ± 0*000001 
dPcJdt < 1 x 10-12 

DM = 167 ± 5 cm-3 pc 
S430 = 0.006 ± 0.003 Jy 
We < 10 ms 

TABLE 2 
Elements of the Orbit 

Ki =199 + 5 km s"1 

Pb = 27908 + 7 s 
e = 0.615 ± 0.010 

co = 179° + Io 

T = JD 2,442,321.433 ± 0.002 
ai sin i = 1.00 + 0.02 R0 

f(m) = 0.13 ± 0.01 M0 

LSI 
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expectation to within ∼1σ, which is closer than found
by WNT, largely as a result of an improved galactic correction
resulting from more accurate galactic parameters (Reid
et al. 2014).
Similar orbital decay tests have now been performed with

several other binary pulsars (see Table 3 for published
measurements of P Pb

intr
b
GR˙ ˙ ). The orbital decays of PSRs

J0348+0432, J0737-3039, J1141-4565, J1738+0333, J1906
+0746, B1913+16, and B2127+11C all exhibit agreement
between observation and general relativity to within (or very
close to) the authors’ stated uncertainties. PSR B1913+16
currently has the most precise determination, and interfero-
metric parallax measurementscurrently in progresswill hope-
fully further tighten the precision.
Among the other two, PSR B1534+12 and PSR J1756-

2251, various systematic effects such as an incorrect distance in
the galactic acceleration correction may explain the small
observed discrepancies, although it is possible that an
incompleteness of general relativity or some unknown physical
effect is responsible. See the work of Ferdman et al. (2014) for
an especially thorough description of the most significant
deviation of the orbital decay rate from the general relativistic
prediction, found in PSR J1756-2251.
Our new (for this system) measurements of Shapiro gravita-

tional propagation delay parameters represent two additional
tests of relativistic gravitation, and are fully consistent with
general relativity, although their relative precision is currently far

Figure 4. Constraints on the masses of the pulsar and the companion as a
function of five post-Keplerian measurables, within the context of General
Relativity. The width of each curve represents ±1σ error bounds. The mutual
near-intersection of all curves illustrates the agreement of our observations with
general relativity in the strong-field conditions at the binary system.

Figure 3. Orbital decay of PSR B1913+16 as a function of time. The curve represents the orbital phase shift expected from gravitational wave emission according to
General Relativity. The points, with error bars too small to show, represent our measurements.
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Orbital decay of PSR B1913+16 as a function of time. The curve represents the orbital 
phase shift expected from gravitational wave emission according to General Relativity. 
The points, with error bars too small to show, represent our measurements. 
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