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The wave equation
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In E&M, you learned the solution to the wave equation. This is derived in Hartle (§23.2)

habIt, xM = 4 G ‡
SabJt',x'N

x-x'
d3 x '

Recall the source Sab = Tab -
1
2

gab Tl
l.

Is this plausible?
Q: For static masses, what should habbe? Recall the Schwarzschild metric.

ÑÑ

For static masses, Tab = diagHr, 0, 0, 0L, and Tl
l = -r. So Sab =

1
2

diagHr, -r, -r, -rL.
hab = 4 Ÿ Sab ër dVol = - 2 M

r
diagH1, -1, -1, -1L = 2 diagHf, -f, -f, -fL.

Q: There is a time t ' in the integral. How do you define t '?
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The quadrupole formula. Binary star

Consider a slowly moving source that is confined to a region much smaller than the distance to the observer. Then

habIt, xM = 4 G ‡
SabJt',x'N

x-x'
d3 x '

yields

hi jHt, rL =G 1
r
„2

„t2 Ii jHt - rL,
where the 

I ij = Ÿ xi x j r It, xM d3 x.

For  a  binary  star  system,  the  energy  radiated  in  gravitational  waves  causes  the  period  to  change  (Taylor  &  Weis-
berg)
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The masses of the stars are m1and m2. M =m1 +m2. The eccentricity is e.

f HeL = J1 + 73
24
e2 + 37

96
e4N I1 - e2M-7ê2

Q: Simplicio: If a system loses energy, it should slow down, not speed up. What is wrong with Simplicio's thinking when applied
to the binary pulsar?

f@ε_D := 1 +
73

24
ε2 +

37

96
ε4 I1 − ε2M−7ê2

Plot@f@εD, 8ε, 0, .7<, AxesLabel → 8"ε", "dPêdt"<,
Evaluate@baseStyle, Epilog → 8PointSize@LargeD, Point@8.617, f@.617D<D<D
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Q: Why is the period derivative (and gravitational radiation) large for high eccentricity? 
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Binary pulsar 1913+16

Observations of the binary pulsar 1913+16 was the first detection of the effect of gravitational waves.
The pulsar emits a burst of radio waves every 59ms.
Because of gravitational radiation, the system is losing energy, and the orbital period becomes shorter.

Ref: Taylor & Weisberg 1989, ApJ, 345, 434.
Taylor 1994, RMP 66.
Hulse 1994, RMP 66.

Q: Why were the effects of gravity waves not seen in the thousands of observations of other stars? What were keys about binary
pulsars?

Q: How does that fact that the pulsar moves show up in the observations?

Q: The period of 1913+16 is 27906.980894(2)s (11 digits), about 8hr. The uncertainty in the time of arrival (5-min average) in
1988 was 16ms. How well can the position of the pulsar be determined?

In[2]:= 16*^-6 × 3.*^5 km

Out[2]= 4.8 km

Q: The size of the orbit is 2.3s

In[3]:= a = 2.3 × 3*^5 km

Out[3]= 690 000. km

What fraction of the orbit is the positional accuracy? A part in

In[4]:= % ê %%

Out[4]= 143 750.

The eccentricity is 0.6171472(10). The gravitational redshift is

-M
r

It changes because H1 - eL a < r < H1 + eL a

ε = 0.6171472;
1.5 km ∗ 1.4 ê a ê 81 − ε, 1 + ε<

97.81359 × 10−6, 1.84983 × 10−6=

Q: How would gravitational redshift appear in the observations?
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Taylor 1994, RMP
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Discovery

Russell Hulse and Joe Taylor in 1974. Figures from Hulse's Nobel paper in RMP

In principle, finding pulsars is straightforward. Look for periodic signals from the sky.
The problem is dispersion by interstellar electrons. The velocity of the radio waves is proportional to 1ë f 2. A "dedisperser"
removes the dispesion of the interstellar medium.

The dedisperser is done by Chainsaw.
Q: How much memory did the Chainsaw computer have? 32kB, 32MB, 32GB?
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Technical improvements for timing

The dedisperser (Taylor & Weisberg)

Q: The uncertainty in the time of arrival improved from 275ms to 16ms. How does this help?

Q: On the SOAR Telescope, I am able to measure the position of a star to 10mas. How can the location of the pulsar be measured
to 0.15mas?
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Orbital parameters

Q: What is w°  for Mercury?
Q: The inclination i is the angle between the plane of the orbit and the plane of the sky. For what sin i is the Shapiro effect the
greatest?
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