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We report the latest results of timing measurements of the binary pulsar PSR 1913+16.
Recent high-quality data have enabled us to measure the excess propagation delay of the pul-
sar signal caused by the gravitational field of the companion star; this result provides strong
additional support for the simplest and most straightforward model of the system. The ob-
served rate of orbital period decay is equal to 1.00 +0.04 times that expected from gravita-

tional radiation damping.

PACS numbers: 97.60.Gb, 04.80.+z, 95.30.Sf

General relativity predicts that a pair of masses in
mutual orbit should gradually spiral closer together
as the system loses energy in the form of gravita-
tional radiation. The binary pulsar PSR 1913416
provides a uniquely suitable system! for testing this
prediction quantitatively,>~* and results already pub-
lished have shown that the orbital period is decreas-
ing at the rate expected from damping by gravita-
tional radiation.>® In this Letter we report im-
proved measurements of the orbital period decay,
based on measurements through August 1983. In
addition, we have detected an additionai relativistic
effect in the PSR 1913+16 system—an excess de-
lay of the pulsar signal, caused by propagation
through the gravitational field of the companion
star. Measurement of this effect yields another
redundant constraint on the already overdetermined
parameters of the orbiting pair. The value of the
new parameter is in excellent agreement with our
earlier prediction.” The overall self-consistency of
observable parameters now establishes, with a high
level of confidence, that the measured decrease in
orbital period is the result of gravitational radiation.

Our experimental data, obtained with the 305-m
telescope at the Arecibo Observatory in Puerto
Rico, consist of 5-min synchronous integrations of
the pulsar wave form. Each integration is tagged
with the Coordinated Universal Time (UTC) to an
accuracy of approximately 1 us. We determine a
“‘pulse arrival time’’ for each integrated profile by
measuring its phase offset relative to a standard
profile (obtained by averaging many hundreds of
integrations), and adjusting the nominal UTC ac-
cordingly.”® Approximately 3300 such measure-
ments have been accumulated since 1974; the
standard errors vary from about 300 us in the early
data to approximately 20 us in the most recent ob-
servations.

The observed pulse arrival times—expressed in
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units of atomic time as measured by an Earth-based
clock—depend on the rotation rate of the neutron
star, on the motions of the observatory in the solar
system and the pulsar in its orbit, and on relativistic
effects involving the accelerations and changes in
gravitational potential at both ends of the Earth-
pulsar path. The data are used as inputs in a mul-
tiparameter least-squares solution for four classes of
parameters: (1) the pulsar rotation phase and its
time derivatives; (2) the celestial coordinates of the
pulsar, measurable because of the large ( ~ 1000 s)
annual variations caused by the Earth’s orbital
motion; (3) five ‘‘classical’’ orbital elements for the
pulsar, essentially determined from the large (~ 4
s) first-order effects of the pulsar’s orbital motion;
(4) four “‘relativistic’> orbital parameters, measur-
able in this system because of the extreme condi-
tions [v/c~(GM/c*R)Y2~10"3] that are
present.

Classification of the parameters of the orbiting
system as ‘‘classical’’ or ‘‘relativistic’’ is done only
as a matter of convenience in discussing them. It is
well known that a purely Newtonian treatment of
data like ours can be used to determine just five or-
bital parameters; a relativistic analysis, carried out
to a precision consistent with present experimental
uncertainties, can determine a total of nine. Fol-
lowing essentially the procedure outlined by Bland-
ford and Teukolsky!? and Epstein,!! we have adopt-
ed a set of nine orbital parameters, the first five of
which have the same names, and essentially the
same meanings, as their Newtonian counterparts.
Measured values of these five parameters are given
in the first part of Table 1.

The four relativistic parameters listed in Table 1
are (w), the average rate of rotation of the orbital
ellipse within its plane; y, the amplitude of delays
caused by variations in gravitational red shift and
time dilation as the pulsar traverses its elliptical or-
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TABLE I. Orbital parameters of PSR 1913+16.

(a) ““Classical’’ parameters

Projected semimajor axis

Eccentricity

Orbital period

Longitude of periastron

Julian ephemeris date of
periastron and reference
time for P, and wq

a,sini=2.34185+0.00012 light sec
e=0.617127 £0.000 003
Py=27906.981 63 £0.00002 s
wo=178.8643 +£0.0009 deg

Ty=12442321.4332084 £0.000001 2

(b) ““Relativistic’> parameters

Mean rate of periastron
advance

Gravitational red shift and
time dilation

Orbital period derivative

Orbital inclination

(@) =4.2263 £0.0003 deg yr !

‘}{=0.00438 +0.00012 s
Py=(—240+0.09)x10"12 5 g~!
sini=0.76 £0.14

bit; P,,, the time derivative of orbital period, which
we attribute to the emission of gravitational waves;
and sini, where i is the angle of inclination between
the plane of the orbit and the plane of the sky. The
last parameter, although cast in terms of geometry,
actually specifies the excess delay caused by prop-
agation of the pulsar signal through the gravitation-
al field of the companion. This effect is the
phenomenon first postulated by Shapiro!? and ob-
served in solar system distance measurements.!® In
the PSR 1913+16 system the orbital variation in
the gravitational propagation delay as seen from
Earth is approximately 25 us.

Unambiguous detection of the propagation delay
term, and consequently measurement of sini, is
made difficult by the large covariances between it
and several of the other orbital parameters. Our
success was made possible by the high quality of the
most recent data and by the recognition of Hau-
gan'® that the rate of precession of the orbital el-
lipse in its plane, o, iS not constant but varies with
the separation of the two stars. The effect on pulse
arrival times is of the same order as the gravitation-
al propagation delay and the small post-Newtonian
[order (v/c)3] corrections already explicitly includ-
ed in the analysis.!! We now include all of these ef-
fects in the model, and we believe that our analysis
is complete and self-consistent at the microsecond
level. Our measurement of sini marks the first suc-
cessful observation of gravitational propagation de-
lay outside the solar system. More importantly, it
furnishes a new and independent test of the clean
and uncomplicated nature of this binary pulsar sys-

tem.

The uncertainties listed for the parameter esti-
mates in Table I are between two and four times the
formed standard deviations. They are based on a
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FIG. 1. Families of curves showing how the stellar
masses in the PSR 1913+16 system are constrained by
the measured values (and estimated errors) of parame-
ters (), v, and sini. (The uncertainty in (@) is less
than the width of the sloping straight line.) The fourth
pair of curves bracket those mass values that would, ac-
cording to general relativity, cause the system to emit
enough gravitational radiation to explain the observed or-
bital period derivative P,. The simplest model of the
system is in good accord with the data if both the pulsar
and the compansion star have approximately the Chan-
drasekhar limiting mass, 1.4 solar masses.

1349



VOLUME 52, NUMBER 15

PHYSICAL REVIEW LETTERS

9 APRIL 1984

cautious assessment of the range of variation ob-
served for each parameter in a number of different
test solutions, and on our semiquantitative judg-
ments about the possible presence of low-level sys-
tematic errors in the data. Further details of the er-
ror estimation process are contained in Ref. 9.

The simplest model of the PSR 1913416 system
consistent with the observations treats it as a pair of
compact masses with negligible quadrupole mo-
ments and no significant nonrelativistic dissipative
mechanisms. The pulsar itself clearly satisfies these
conditions, and the most plausible evolutionary |

scenarios*’ imply that the companion should also

be a compact object. If this model is valid, then
seven orbital parameters are enough to describe it.
Our nine-parameter solution then overdetermines
the astrophysical quantities and provides a true test
of gravitation theory.

A reasonable choice for a minimal set of parame-
ters would be to replace the last four in Table I with
the masses, m, and m,, of the pulsar and com-
panion star. The four observable quantities depend
on the masses according to the equations (see Ref.
7 and references therein)

0=3G"3c 2 Py/2m) 3 (1= e?) " (mp+ m )Y, (1)

y=G¥3c=2e(Py/2m) Bm,(my+2m,) (my+ m,) =3, @

sini=G_1/3c(c11,,sini/mc)(P,,/27r)'2/3(m,,+mc)Z/3 , 3)
-5/3

. 5131 P

Pb=—1—925%5(‘;—— 2—; (1—e)~72(1+ B+ e Y mym,(m,+ m,) =13 (4)

Figure 1 shows graphically the values of m, and m,
that are consistent with the observations and with
Egs. (1)-(4) taken one at a time. It is evident that
all four measured parameters are satisfied simul-
taneously if both masses are close to 1.4 solar
masses. At present levels of accuracy the sini
parameter does not tighten constraints on the
masses very much, but it is significant that its mea-
sured value is fully consistent with expectations
based on the other parameters, using the simplest
model of the system.

The most profound result of our observations
remains the measurement of orbital period decay at
just the rate expected from gravitational radiation
damping. In order to state this result succinctly and
quantitatively, Egs. (1)-(3) can be used to solve
(by least squares) for the best-fitting values of the
masses m, and m.. Using the parameter values
quoted in Table I, and correctly propagating errors
and taking note of the parameter covariances, we
obtain the results m,=1.42 +0.03 and m,=1.40
+0.03 solar masses. When these values are insert-
ed in Eq. (3), we obtain the predicted rate of orbital
period change P,=(—2.403 £0.002)x10!% s
s~ 1 in excellent agreement with the observed value
(—2.40 £0.09)x 10712, As we have pointed out
before®” most relativistic theories of gravity other
than general relativity conflict strongly with our
data, and would appear to be in serious trouble in
this regard. It now seems an inescapable conclusion
that gravitational radiation exists as predicted by the
general relativistic quadrupole formula.
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