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Abstract  

We describe an experimental technique for detecting extremely low-frequency pulses of 
gravitational radiation (vGW ~ 1-10 mHz) originating from collapsing supermassive objects 
(M ~ 106-107 M| ) occurring anywhere in the universe. Our technique is the natural out- 
growth of a previous gravitational space mission. The novelty of our approach is in placing a 
highly stable hydrogen maser onboard a deep-space probe that controls a transmitter 
sending signals to earth. The spacecraft also includes a doppler transponder operating in the 
conventional two-way mode. Doppler tracking using simultaneously acquired one- and two- 
way information both on the spacecraft and at the earth station provides four time-records 
of frequency fluctuations. A single gravitational disturbance manifests itself as a uniquely 
determined pulse sequence in the two or more data sets whose amplitudes and arrival times 
depend on a single parameter. The repetition of the signal and the noises in the data can be 
used in a filtering scheme to improve the amplitude sensitivity by a factor of about 6 in 
amplitude (36 in energy). We believe the most likely of these gravitational pulse events 
occurring frequently enough to be detected (more than once per year) will come from the 
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formation of black holes in the cores of ordinary spiral galaxies. We propose a technolog- 
ically feasible and realistic space mission, using the above technique, to measure two aspects 
of gravitation with the same experimental equipment. The spaceflight begins in a highly 
eccentric earth orbit to measure the gravitational red shift and the second-order doppler 
effects to an accuracy of 5 parts in 106; at this level significant new tests of nonmetric 
theories of gravity are possible. Later, the spacecraft is sent into a heliocentric orbit to 
distances beyond 6 AU to search for gravitational radiation. 

w Introduction 

Gravitation is one of the four fundamental interactions in nature, together 

with electromagnetism, the weak, and the strong forces. There is an elegant 

theory of this interaction-the general theory of relativity. Yet, the question of 

whether this theory accurately describes gravity has not been conclusively 

answered. We suggest herein two very fundamental experiments in gravitational 

physics carried out by a new space mission that uses the Space Transportation 

System (Space Shuttle) of the National Aeronautics and Space Administration 

(NASA). It begins with a near-earth, highly eccentric orbit, to test the gravita- 

tional red shift. Later, the spacecraft is placed into a heliocentric orbit to pro- 

vide a long earth-to-spacecraft baseline that will allow the most sensitive search 

thus far proposed for bursts of low-frequency gravitational waves from astro- 

physical sources. 

Our paper is divided into four major sections following the Introduction. In 

Section 2 we discuss the doppler tracking system, common to both experimental 

objectives. Previous studies have been restricted to simple two-way doppler sys- 

tems employing transponders only on spacecraft and clocks only on earth. An 

essential innovation of our experiment is the use of four simultaneous sources of 

doppler tracking phase data between a clock on earth and a clock on the space- 

craft [1,2].  We regard this system as the logical next step in precision Doppler 

tracking. 
The use of a clock onboard and the four links will enable us to filter out the 

Doppler effects of the earth's troposphere and antenna motion, which is the 

dominant noise source. The effects of the clocks, receiver noises, deep-space 

propagation anomalies, and spacecraft buffeting, considered as continuous noise 

processes, are accounted for. Discrete pulses that are large compared to the noise 
continuum are removed by time-correlation processes. In particular, we point 

out that a drag compensation system to remove nongravitational accelerations 

is not required. This doppler system makes possible the correlation and pattern- 

recognition analysis of one- and two-way Doppler data that will make a very 

substantial improvement in the detection sensitivity for low-frequency gravita- 

tional waves. 

We show in Section 3 how the use of this system allows very high-accuracy 

tests of various interpretations of the equivalence principle, the foundation of 
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any theory of gravity. We review how electromagnetic signals propagating be- 

tween material test bodies probe the consistency of relativistic theories. In 

particular, we use a theoretical framework of Ni's [3, 4] to compare the red- 

shift experiment with Hughes-Drever and E6tv6s experiments. We find that 

the 1976 suborbital Gravity Probe A [5], a joint Smithsonian Astrophysical 

Observatory (SAO) and NASA mission, competes very favorably with these 

other experiments for particular aspects of the equivalence principle at the 10 -4 

level. The Gravity Probe A (GPA) experiment successfully demonstrated the 

basic techniques of using masers on spacecraft and the multiple Doppler links 

described in Section 2. Building on this successful test of the equipment, we pro- 

pose as a first phase of this experimental program to fly an orbital mission, as 

originally envisioned [6, 7], to improve the red-shift measurement by a factor of 

100. A further improvement will result from simultaneous acquisition of data 

both from the earth station and from the probe, allowing the red-shift and 

second-order Doppler effects to be identified separately. 

If these red-shift test results are consistent with gravity being a metric 

theory, conceptually we can proceed to the next level, which is to test the static 

limit of the theory. Here the laboratory for precise measurements is the solar 

system. Over the last decade, very sensitive measurements of time delay in radio 

signals passing close to the sun from spacecraft have enabled us to verify the 

static Einsteinian corrections to Newtonian gravity to better than 10 -3 [8, 9]. 

These experiments have eliminated most of the other competition to Einstein's 

theory of gravitation. Our mission will have the capability to refine these experi- 

ments by virtue of its highly accurate tracking and timing capability. Because 

of the current high precision of these experiments and the well-understood tech- 

niques upon which they depend, we will not discuss them further here. 

Finally, we arrive at the as yet untested level-that of the dynamical theory. 

One expects that any theory of gravity incorporating special relativity will pre- 

dict gravitational waves. A major new area for testing dynamical relativity is the 

binary pular PSR1913+ 16. As reported by Taylor, Fowler, and MeCulloch [ 10], 

the system is losing energy very nearly at the rate predicted by general relativity. 

Most other theories of gravity are ruled out by this new test [9]. This exciting 

indirect evidence for the existence of gravitational radiation heightens the need 

for the direct measurement of the interaction of a gravitational wave with ex- 

perimental apparatus. In Section 4 we discuss a mission that uses the earth and a 

distant spacecraft as a free-mass wide-bandwidth detector for directly observing 

bursts of low-frequency gravitational radiation [ 11, 12]. The system we describe 

uses pattern-recognition and time-correlation techniques to determine the actual 
waveform of the burst and to verify that it is gravitational in origin. The astro- 
physical process that most likely would cause such bursts is the formation or 

collision of supermassive blackholes anywhere in the observable universe (z ~ 3). 
We show that if such bursts occur as often as once per year, they are likely to 

originate in the nuclei of ordinary spiral galaxies, such as our own or M31. 
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We emphasize throughout that we are proposing a realistic space mission, 

which we see as the logical next step in the space-based study of relativistic 

gravity. In Section 5 we outline a possible mission profile that would accomplish 

our objectives. 

In summary, to make precise measurements in gravitation, highly accurate 

clocks and rods are needed. For this reason, our mission will place the best avail- 

able oscillator onboard the spacecraft as well as on the ground. To guarantee that 

these "rods" measure only the effects of gravitational fields, we employ the 

four-link tracking system. To present credible arguments that this proposed 

mission can accomplish our observational goals, we describe the hardware and 

detection techniques in detail. With this technology, we can make tests of the- 

ories of gravitation at three fundamental levels: the foundations, the static limit, 

and the dynamical level. 

w (2): Doppler Systems 

Doppler frequency measurements, using continuous-wave microwave signals 

transmitted to and from spacecraft, provide data for determining the rate of 

change of range distance. This mode of tracking employs a phase-coherent tran- 

sponder on the space vehicle to receive a continuous wave signal from the earth 

station and to retransmit a phase-coherent signal back to earth. In the systems 

we discuss here, the frequency of this signal is a rational multiple, R2 (e.g., 

240/221), to provide a frequency offset in the retransmitted frequency from 

that of the signal received at the spacecraft. The phase of the signal received at 

the ground station is compared with that of a signal generated by the ground 

transmitter master oscillator, which is also offset by the same ratio, R2. Count- 

ing and recording the beat cycles of the phase comparison as a function of time 

gives the change of the range distance to the spacecraft over a given time interval 

and the range rate can thus be calculated. This is the "two-way" mode of opera- 

tion. If the spacecraft's retransmitted signal is received by a station other than 

the one transmitting to the spacecraft, the rate of change of the total ray path 

up to the spacecraft and back to the earth station can be determined as a func- 

tion of time; this is the three-way mode of operation. Normally, simultaneous 

Doppler measurements using two-way and one or more three-way combinations 

of widely separated stations are used for the determination of spacecraft orbits 

to high accuracy. This process is illustrated in the earth-spacecraft-earth signal 

path shown as "loop A" in the space-time diagram in Fig. 1. The output signal 

representing the phase comparison of the return signal with the earth station 

oscillator at a given coordinate time t is shown as E2 (t). 

At present, this is the most commonly used method to obtain range-rate 

information at high accuracy: the range-rate data are fitted to ballistic trajec- 

tories by use of sophisticated models of the geopotential and various terms to 
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Fig. 1. Space-time diagram of Doppler signals. 

account for atmospheric drag, light pressure, vehicle outgassing, etc. In addition, 

position information can be obtained with the same transmitter-receiver system 

by modulating the phase of the uplink signal and measuring the round-trip time- 

lapse for the reception of the modulated signal at the earth station. While in the 

following discussion our interest is centered on the range-rate determination that 

operates by recording the phase of microwave signals from the spacecraft, if 

required, the system can also be operated to recover the modulated signal and 

obtain range information. 

If an oscillator is placed on a space vehicle, we can make one-way measure- 

ments of range-rate by comparing the phase of the incoming cycles with a signal 

generated from a similar oscillator at the earth station. This is shown in Fig. 1 

as link B. In a system where both loop A and link B operate together, we can 

remove first-order Doppler effects of the relative motion of the vehicle and earth 

station from the one-way signal shown as link B by subtracting one-half of the 

two-way Doppler cycles from the one-way Doppler cycles accumulated from 

link B. The remaining Doppler accumulation is the result of the gravity potential 

difference between the space vehicle and the earth station, the second-order 

Doppler effect, and the effect of the motion of the earth station during the light 

time of the signals. 

This combination of one-way and two-way signals was used in the 1976 

gravitational red-shift experiment (GPA) where a hydrogen maser clock was 
launched to an altitude of 10,000 km in a suborbital trajectory [5]. The basic 

hardware for the Doppler system was adapted from the existing Unified S Band 
(USB) system developed by NASA. The three microwave links were transmitted 

and received using a single antenna at the earth station and on the space probe; 

the details of the system are described later. 

The success of the simultaneous one-way and two-way Doppler system has 

led us to propose the next step in the evolution of Doppler systems [1]. Here, 
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we propose to make the system completely symmetrical by adding an uplink 

from a transponder at the earth station that retransmits the signal from link B 

back to the spacecraft. The resulting two-way Doppler system operated at the 

spacecraft is shown as loop B in Fig. 1. We now have the opportunity to obtain 

one-way and two-way data both at the spacecraft and at the earth station. The 

arrows indicate the position in coordinate time of the Doppler phase informa- 

tion labeled El,  E2, $1, $2, that represent the earth station one-way and two- 

way, and space station one-way and two-way phase data, respectively. As is 

pointed out in the forthcoming discussion, the phase variation of these links will 

be shown in coordinate time on four parallel plots to illustrate time correlation 

of several different aspects of the system's behavior. 

Figure 2 is a block diagram of the system. Here, the four signal links are 

shown physically separated. However, even though they must operate at differ- 

ent frequencies to prevent self-excitation and jamming, the signals can be made 

to share the same antenna and antenna feed systems and thus any significant 

geometrical separation between the points of origin and reception of the signals 

is eliminated. It is important to understand that this system is completely phase- 

coherent; no cycles of phase are allowed to slip undetected and all frequency 

multiplications are made with theinteger ratios R i. The high-stability oscillators 
(or clocks) serve several different functions: as master oscillator for the trans- 

mitter, local oscillator for the receiver, and proper clock (as distinct from a 

coordinate clock) for time synchronization. 

Loop A consists of a signal obtained by multiplying the earth oscillator 

proper frequency f0, by the ratio R1, which is transmitted to the spacecraft as 

link A and then returned to the ground station after frequency multiplication 

by ratio R2 in the transponder. The signal is received at the earth station and 

compared at mixer a with a signal at a frequency R1 • R2 X fo. This completes 

loop A. The output beat is designated E2(t), the two-way Doppler signal. One- 

wayDoppler data are obtained at the spacecraft by comparing the signal fre- 

quency from link A with a signal at frequency R if0 at mixer b. This informa- 

tion is telemetered to earth in the form of cycle counts and the proper times 

at which they are accumulated. 

As seen in Fig. 2, the system shown in solid lines is completely symmetrical. 

The spacecraft oscillator-controlled downlink (link B) is part of loop B. The 

spacecraft two-way signal ($2) and the earth station one-way signal (El) are de- 

rived using ratios Rs and R4 to obtain the necessary frequency separations. In 

the red-shift system flown in 1976, the system operated at S band and consisted 

of loop A and link B. Here the oscillator was an atomic hydrogen maser oscillat- 

ing at 1,420,405,751.68 Hz and the ratio R1 was 82/55, which provided an 

uplink frequency of 2117.7 MHz. The ratio R2 was the usual Unified S Band 

transponder ratio 240/221 and the downlink frequency was 2299.8 MHz. The 
ratio R3, chosen to minimize the first-order dispersion of the earth's ionosphere, 

was 76/49 [13], which placed the clock downlink at 2203.1 MHz. 
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Fig. 2. Concept of four-link time-correlated Doppler system. 

The first-order Doppler effects contained in the one-way link can be can- 
celed by subtracting one-half the two-way Doppler phase from the one-way 

phase accumulation. This produces the Doppler-canceled data labeled Eo and 

So in the earth and probe station, respectively. These signals contain gravita- 
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tional red-shift and relativistic effects due to the motion of the earth and probe. 

Alternatively, we can combine the one-way earth station data [El (t) and E2 (t)] 

and the spacecraft data [$1 (t) and S2(t)] to obtain a redundant data set for 

Eo(t) and So(t). In particular, measurements of the uncanceled one-way phase 

fluctuations can be obtained in both directions to assess the propagation con- 

ditions in the system. 
The system shown in Fig. 2 is intended to operate at X band with a single 

S-band auxiliary link (shown dotted) operating coherently with the X-band link 

B to allow measurement of the columnar electron density in the ray path for a 

posteriori ionospheric corrections to the data. The columnar density data are 

also required for correcting the range daga to obtain an accurate trajectory 

determination. This information would also be required if the four links involved 

a combination of frequencies in different microwave bands. The outputs E~ (t) 

XS(t) shown in Fig. 2 will provide the necessary information. 

We now discuss the use of this system in the two principal experiments for 

our proposed mission: the gravitational red shift and the search for gravitational 

waves. In the first, the system compares the rates of the oscillators while the 

spacecraft is in a near-earth eccentric orbit and the light time is short compared 

to the rate of time variation of the geopotential between the earth station and 

the spacecraft. Under these conditions the output signals E0 and So will provide 

real-time cancellation of changes in the electromagnetic length of the ray paths 

that occur slowly compared to the light time. 

The second regime of operation requires large distances between the earth 

and space station where r = R/c is long compared to the time intervals character- 

izing the phenomenon we wish to measure. Under these conditions changes in 

Doppler rates recorded in the four data sets will provide information that will be 

later processed by using time-correlation and pattern-recognition techniques. 

Because the expected rate of occurrence of gravity waves is low and their 

magnitudes are small, in the search for gravity wave pulses we must consider 

all sources of continuous noise and all sources of large, discrete pulses that can 

lead to false alarms. In this paper we separate these systematic occurrences into 

four categories: 

1. Oscillator phase fluctuations on a time scale short compared to R/c. 
2. Discontinuous accelerations of the spacecraft from outgassing or buffet- 

ing by the solar wind; near-earth propagation variations owing to tropo- 

spheric and ionospheric fluctuations, which are considered as part of the 
movement of the earth antenna, and are the largest continuous noise 

source .  

3. Deep-space plasma effects causing phase fluctuations of duration short 

compared to R/c. 
4. All dispersive plasma effects in the ray path whose fluctuations are slow 

compared to R/c. 
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We now discuss how the four-link system described in Figs. 1 and 2 provides in- 

formation wherein these effects can be separately identified using time-correla- 

tion and pattern-recognition techniques. A more detailed discussion for a partic- 

ular system configuration is given in Vessot and Levine [ 1 ]. 

(a) Identi f ication o f  Oscillator Instability. Figure 3 repeats Fig. 1 and in- 

cludes four separate coordinate time plots representing the phase residuals in each 

of the four Doppler data sets after the trajectory solution has been completed. 

As an illustration, we assume that momentary phase advance has occurred in the 

earth station oscillator at t = to and we see the momentary phase retardation in 

the one-way and two-way earth station Doppler signal. (Note that the oscillator 

serves both to control the transmitter and to provide a local oscillator reference 

frequency, which, in these examples, is assumed to be below the carrier fre- 

quency.) At t = to + (Ro/c )  at the spacecraft, the effect of the shift of the earth 

transmitter phase advance can be seen. At t = to + (2Ro/c )  (3) we see in the earth 

two-way Doppler trace the phase advance in the transponded signal received at 

the earth station. These pulses have a characteristic signature pattern in three of 

the four links. A similar offset of the spacecraft oscillator will cause a corre- 

sponding set of variations in the Doppler data if we reverse the identification 

of the earth and spacecraft Doppler data traces. Pattern-recognition and corre- 

lation algorithms can be used to identify these clock-related processes and 

remove their effects from the data. 
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Fig. 3. Effect  o f  m o m e n t a r y  phase offset  o f  ground-sta t ion oscillator at t = t o as observed 
in the  four-link correlated system. 

(3)In this, and other  examples  to follow, we assume for simplicity tha t  the  range distance is 
cons tant  and write the  two-way light t ime as 2Ro/C. 
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(b) Identtfication o f  Antenna Motion. The effects on the four Doppler 

signals of buffeting of the spacecraft at coordinate time t = to by nongravita- 

tional forces, such as a blast of the solar wind, impact from a micrometeorite, 

or a fluctuation in solar radiation pressure, are shown in Fig. 4. The immediate 

effect is perceived at the spacecraft in the two received signals $1 (to) and $2 (to). 

At t = to + (Ro/c) the earth station sees the signature at double amplitude in the 

two-way link and single amplitude in the one-way link; at t = t o + (2Ro/c)  the 

spacecraft again sees the signature on its two-way link. In the case of the earth 

antenna, both the tropospheric and ionospheric fluctuations can be considered 

as local to the antenna, and these large effects, in addition to possible antenna 

motion, will cause a correspondingly distinctive pattern of signatures in the four 

sets of Doppler data analogous to the ones described above. While it is true that 

by operating at higher carrier frequencies, such as X band and beyond and even 

to K band, we can reduce the level of Doppler fluctuation from space plasma 

and ionospheric density variations, the effect of the earth's troposphere still 

remains and, as long as we are restricted to tracking the probe from an earth 

station, we will have to account for these fluctuations in our search for gravity 

waves. Of all the continuous sources of spurious Doppler fluctuations, the 

tropospheric dominates. 

(c) Identification o f  Propagation Anomalies. The propagation path be- 

tween the spacecraft and earth station may traverse localized regions containing 

plasma emanating from the sun that cause short-term (here by definition < R/c)  

fluctuations in the Doppler phase. Characteristic signatures of these fluctuations 

will exist in the Doppler data. Figure 5 illustrates this process, and we will follow 
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some ray paths to show how the data can be analyzed. We notice that there are 

two rays passing upward through ionized region A, whose effect is reported in 

traces $I and $2 at the time marked A f. This example also shows that there are 

two rays (shown dotted) passing downward through A reported in $1 and $2 at 

time marked A J,. In each direction we have twofold redundant information; for 

example, we have the one-way uplink data reported at $1 at time Af  and can 

also obtain a similar representation of this ray path by subtracting the one-way 

phase data, El,  from the two-way data, E2, at the time marked A f on the E2 

trace. We can thus generate an independent representation of the one-way data 

at each end of our system, each set of data being obtained by a different set of 

electronic equipment. By superposition of the redundant one-way data, spaced 

apart in time by Ro/e, we can reduce the random noise from the electronics and 

enhance the systematic effects owing to propagation anomalies. We then apply 

cross-correlation techniques to the upward and downward one-way data with 

varying time lags to find the position in the ray path at which the ionized "blob" 

occurred. Figure 5 shows the location of blob A at Ro - RA distance from the 

spacecraft. While it is true that the ray paths upward and downward may not be 

exactly alike in space-time, we can identify and trace the main features of the 

disturbances as they cross the ray paths between the earth and'spacecraft. The 

map of these disturbances made from the cross-bearings obtained in space-time 

will identify the time-varying components of these propagation anomalies whose 

structures are small compared to R/c. For large-scale variations in the propaga- 
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tion, which cause fluctuations with time constants Ro/c and slower, we can 

obtain columnar ion density information using the usual two-frequency data 

shown from the outputs XS(t) and $1 (t) shown in Fig. 2. (See also [14] .) 

It is clear that oscillator system and antenna-related disturbances can be 

easily resolved since their behavior is governed by time lags that are simply 

related to range distance, Ro. The first steps in data processing will be to search 

for the patterns shown in Figs. 3 and 4 to identify the location, magnitude, and 

time of the antenna (including tropospheric and ionospheric effects) and os- 

cillator disturbances. 

Localized deep-space propagation anomalies such as those illustrated in Fig. 

5 can be removed by a cross-correlation process that will search for patches of 

ionization that cause phase fluctuations with characteristic times shorter than 

R/c, 

w (3): Red-Shiftlnvest~'gation 

We now turn to how this system of Doppler tracking can be used to make 

measurements of gravitational red shift for testing equivalence principles-the 

foundations of relativistic gravity theories. We first describe a theoretical frame- 

work, then review the results of the successful Gravity Probe A suborbital mis- 

sion, and, finally, extend these methods to a full orbital mission. 

(a) Theory. The red-shift experiment conceptually consists of a compari- 

son of the frequency of the spacecraft clock at various gravitational potentials 

with respect to a clock at the earth's surface. Comparisons are made using micro- 

wave radio signals and, since the spacecraft is in a highly eccentric orbit, substan- 

tial first-order and second-order velocity Doppler shifts will accompany the rela- 

tivistic gravitational potential effect that is to be measured. The fact that the 

microwave signals are being sent over vast distances means that the comparison 

of clocks is a very nonlocal process. Furthermore, it is one that relies on the 

assumption of the isotropy of the one-way velocity of light. (For current best 

experimental limits on the validity of special relativity, see for instance [ 15 ]. 

Our experiment may in fact better some of these limits.) To quantify the data 
from this rather complex system we usually assume that the clocks, electro- 

magnetic signals, velocities, and gravitational fields are all interacting in the self- 
consistent manner described by general relativity theory. Any violation we 

observe would indicate that gravity is a nonmetric theory [9]. 

However, with the measurement accuracies now available, it would seem 
prudent to test this consistency to  see if Nature acts according to our cherished 

beliefs. It has proved rather difficult to develop a framework of sufficient 
generality to allow for all conceivable violations of such fundamental relation- 
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ships. However, today there are several approaches that can be used to classify 

nonmetric theories, see, e.g., [9] and references therein. 

These approaches are usually phrased as tests of the various equivalence 

principles of relativistic gravity. The weak equivalence principle (WEP) express- 

ing the universality of free-fall trajectories is tested by the EStvSs experiments. 

The universality of gravitational red shift (UGR), stating that the red shift is 

independent of clock structure [16] and the Einstein equivalence principle 

(EEP), the minimal coupling principle, are tested by red-shift experiments. 

Schiff, in 1960, argued that the WEP implies the EEP for any complete self- 

consistent theory of gravity. (See, for instance [17] for a discussion of the above 

terms.) Lightman and Lee [18] were able to prove Schiff's conjecture for elec- 

tromagneticatly interacting systems in a static spherically symmetric gravita- 

tional field (the "THe/~ formalism"). Ni [31 later showed that by loosening their 

assumptions violations of Schiff's conjecture could be found for spinning test 

bodies. The relationship between the UGR and WEP have also been investigated 

[16, 19]. Haugan and Will [19] have shown that both the EStvSs experiments 

and red-shift experiments test possible violations of the WEP (parameters Fo and 

Ao in the THe/a formalism). It was found that EiStv6s experiments give limits 
of [PoJ < 4 X 10 -1~ and [Aol < 6 X 10 -6 . The red-shift experiment tests -3Fo + 

Ao [91. 
Most recently, Ni [4] has investigated what certain aspects of the equivalence 

principle experiments prove if the implicit assumption that material bodies move 

on the same metric as electromagnetic fields is removed. Analyzing the E~tvt~s, 

Hughes-Drever, and red-shift experiments, Ni finds that the E~tv6s and Hughes- 

Drever experiments demonstrate the equality of the space-space components of 

the two supposedly different metrics to ~10 -12 . However, to get equality of the 

space-time components, we must divide by (v/e) " 10 -4, where v is the earth's 

orbital velocity, which leads to tests at levels of 10 -s. Finally, he finds the time- 

time components can be shown to agree only to ~10 -4, since in this instance we 
must divide by (v/c) 2 . 

This latter accuracy is just at the level tested independently by the 1976 

Vessot and Levine GPA experiment [5]. The proposed orbital mission will im- 

prove this by 30, placing our confidence in the foundations of the theory on 

new ground. (For more details on this approach see Ni [4] .) Even within the 

more restricted THe/I formalism, the orbital mission would test Ao at the level 

5 • 10 -~ currently tested only by the E6tv6s experiment. In what follows we 

will take a less rigorous point of view, aimed primarily at presenting the results 

of measurement in an as interpretation-free way as possible. Our basic motiva- 
tion has been and continues to be to make as accurate a measurement of funda- 

mental quantities as technology allows. We hope that this will motivate a more 

detailed theoretical analysis along the lines outlined above. 

We return to our frequency data from the orbiting experiment. Our plan will 
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be to use our knowledge of the orbit to calculate the expected red-shift effects 
from the data and see if unexpected residuals occur. The nonrelativistic (or 
strictly first-order Doppler) effects can be removed by measuring the first-order 
Doppler shift with a transponder on the spacecraft in the usual range-rate mode 
and subtracting one-half the two-way Doppler frequency from the one-way 
signal generated by the spacecraft hydrogen maser clock as discussed in the 
system described in Fig. 2. 

The output fractional frequency shift, Av/v, at the output labeled Eo(t) of 
the earth station system shown in Fig. 2 is made up of the foUowing relativistic 
contributions [5]: 

Av I =~bs-the [Vs-Vel 2 ATse 
T earth C 2 - 2C 2 C ese " a e  + terms of order c -3 (1) 

The first term is the difference in the Newtonian gravitational potential, ~b, 
between the probe and the earth divided by c 2 (where c is the velocity of light). 
This is the gravitational effect to be measured. In this measurement the poten- 
tial is determined from our knowledge of the spacecraft's position with respect 
to the earth. 

The second term is the second-order Doppler shift of special relativity and 
is proportional to the square of the relative velocity of the spacecraft and earth 
station divided by 2c 2. This term can be accounted for by our knowledge of 
the relative velocity of the earth station and spacecraft at any time. 

The third term results from the fact that the station is located on the rotat- 
ing earth and has centripetal acceleration, ae, with respect to an initial frame 
chosen here to be geocentric with axes aimed at the "fixed stars." During the 
one-way light time, A Tse = R/c,  the component of velocity along the spacecraft- 
to-station unit vector, ese, changes by (ATse/C) ese " ae, giving the fractional 
Doppler frequency shift shown in the third term of equation (1). 

The situation wherein data are obtained aboard the spacecraft is described 
in equation (2). The sign of the first term is reversed, the second term is un- 
changed, and in the third term, we see the effect of the acceleration of the 

satellite during the light time of the earth.to-probe signal: 

A;  = ~b e - q~s_ lYe - vs[~ A Ze___~s 
- -  c 2 2c 2 c ees 'as  (2) 

spacecraft 

Equations (1) and (2) allow us to separate the effects of the gravitational 
potential and the motion of the spacecraft and earth station in the following 
way [201. We can parametrize the individual contributions of the three terms in 
equations (1) and (2) by multiplying the gravitational term by A, multiplying 
the second-order doppler term by B, and multiplying the third term, which 
depends on the validity of our inertial frame, by C. Adding equations (1) and 
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(2), we have 

- •  
earth + At) 

P spacecraft 

B l v  s - vel 2 c A  Tse 
c 2 c ese" [ae + Otsl (3a) 

Subtracting 

Av (~b s -  ~be) c A  Tse 
Av earth = 2 A  c2 ese ' [Ore - as]  

P ; spacecraft C 
(3b) 

Since the red-shift and second-order Doppler contributions are of comparable 

magnitude, the two can be measured with similar levels of accuracy. 

( b )  T h e  P r e v i o u s  M i s s i o n .  The 1976 experiment was a suborbital rocket 

flight which described a nearly straight up-down trajectory [5]. The system's 

performance is shown in Fig. 6, where the residual phase at 2.1177 GHz is 

plotted versus time. This is the result of taking the output Eo of Fig. 2 and 

subtracting a phase prediction from equation (1) based on trajectory data and 

corrections from telemetry. The slopes of the observed and predicted phase are 

matched over a 10-min interval at apogee and this slope correction is used as the 

normalization of the spacecraft and earth clock frequency throughout the whole 

data set. 
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Fig. 6. Red-shift phase residuals. 
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The ground station uplink transmitter suffered a 2-min interruption at 

13:22:47 GMT and the data following this time have not been used. Analysis 

of the time derivative of the data starting at 12:15 when the after-launch tran- 

sient had died out and ending at 13:22, the time of the uplink failure, gives an 

average frequency residue of less than 2 • 10 -14. The conclusion is that the test 

confirms the equivalence principle at the 1.4 • 10 -4 level assuming that special 

relativity is valid. The confirmation of the combined effects of special relativity 
and the equivalence principle is at the 0.7 X 10 -4 level [21]. 

The effectiveness of the Doppler cancellation system in removing propaga- 

tion related fluctuation is shown in Fig. 7, which shows the comparison of the 

1 0  - I Z  I I I I I I I I  I ! ~ , , , , ~ i  I I  I I I I I I I I t _  

1 0 -  I I I i I I I 1 ~  I I I I I 1 ~ ' ~ /  I L I I I t I 

10 100 

"r-SECONDS 

M-I  

k-=-I 

f = 2 . 1 1 7 7  X 109 Hz  

Fig. 7. Allan variance of  one-way frequency residuals before and after application of 
Doppler cancellation system. 

1000 
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one-way Doppler fluctuations and the canceled Doppler fluctuations from the 

Eo(t) output in the system as represented by the Allan variance [22 !. The 

Doppler-canceled data replicate very closely the results obtained by making 

maser comparison in the laboratory, indicating that the disturbances that existed 

in the three ray paths were very nearly canceled and that the effectiveness of the 

correlation process was not limited by the electronics. A detailed description of 

the electronics system is reported elsewhere [23]. 

(c) The Proposed Mission. The system for the eccentric orbit phase of the 

suggested mission differs from the system originally proposed in 1970 for a satel- 

lite experiment [6] in that it is made completely symmetrical by providing a 

fourth microwave link transponded from earth to the spacecraft as shown in 

Fig. 2. Now both the spacecraft and the earth station obtain Doppler-canceled 

data as well as one-way and two-way data. 

From the data now at hand from the 1976 rocket probe test, we see that the 

principal source of uncertainty resulted from the two-minute uplink transmitter 

dropout and the systematic disturbances that ensued, rather than random noise 

processes. The microwave system and propagation effects contributed little noise 

compared to the underlying noise of the clocks. More recent results from con- 

tinuing hydrogen maser developments a,t SAD are shown in Fig. 8. These data 
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Fig. 8. Performance of hydrogen masers. 
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are considerably bet ter  than those available f rom the 1976 clocks as can be seen 

f rom the same diagram. Also shown in the figure is the stability expec ted  f rom 

a cryogenic  maser oscillator [24],  which was recent ly successfully opera ted  at 

25 K. The lower  do t ted  line shows the expec ted  stability p ro jec ted  for opera t ion  

a t 4 K .  

While the accuracy of  the test  will be improved  statistically by the square root  

of  the number  o f  apogee-per igee passes over which data are taken,  the u l t imate  

accuracy will depend  on our  abili ty to remove systematic  effects  either by cali- 

bra t ion with  respect  to measurable  but  uncont ro l l ed  variable parameters  or by 

our abil i ty to reduce the effects  o f  such parameters  by engineering design. 

Judging f rom our  present  knowledge o f  the system and its capabili t ies as sum- 

marized in Tables I and II we should be able to at tain an accuracy of  5 X 10 .6 

Table I. Comparison of Error Budget of Proposed Orbiting Red-Shift Measurement and 
1976 Probe Experiment 

1976 Probe Proposed orbital test 
operating at 2 GHz operating at 10 GHz 

(2 hr) (18-24 hr) 

Random noise 
Overall microwave system noise 

including maser instability 13.0 X 10 - is  (4) 
Uncanceled atmospheric noise 2.5 X 10 - i s  2.5 X 10 - i s  
Uncanceled ionospheric noise 5.0 X 10 -15 0.2 X 10 -15 

Root sum squares (RSS) Aft / f= 14.2 X 10 -Is  3.2 X 10 - l s  

Possible systematic bias errors 
Ground clocks ( la  estimate from 

variance data made over indicated 3.0 X 10 -15 1.0 X 10 -15 
time interval) (for 2 hr) (for 18 hr) 

Space clock (RSS of all known 
systematic calibration errors) 4.5 X 10 -15 1.0 • 10 - i s  

Red-shift and second-order Doppler 
prediction errors from uncertainties 
in position and velocity 3.3 X 10 -15 1.0 • 10 -15 

RSS ZXfs]f= 7.9 X 10 -15 1.7 X 10 - i s  

Combined random and systematic 
errors in RSS 

RSS Af,,/f= 15.5 X 10 - ls  4.7 X 10 - ls  
Variation of (A4~/c~'2) over useml" uara~ " 1.1 X 10 -1~ 4.8 X 10 -1~ 
Predicted error in a single red-shift 

measurement 

"~fe/f 
e = - - =  141 X 10 -6 9.9 X 10 -6 

a4~/c z 

(4)For 18 hr averages the random noise is <1 X 10 -16. The chief error is systematic and in- 
cluded in the bias contribution. 
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Table II. Summary  of  Accuracy for 1976 Probe Exper iment  and an Est imate of  the  
Accuracy o f  the Proposed Exper iment  
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1976 Probe 
(2 hr) 

Formal  error f rom least-squares fit of  
data to predict ion 

Possible error contr ibut ion from sys- 
temat ic  effects 

Combining as RSS 

= [1-+ (2"5 +- 63) •  ~ c  2 " ' "  

=-+62X 10 .6  A~ 
c 2 

Aq~ 
A f  [1 • (5 -+ 140) X 10 .6  ] ~ -  
f 

Final result 

Proposed orbital measurement  
(18-24 hr orbit) 

Random frequency error after 30 orbits 

Random error in red-shift measu remen t  

Systematic  error in red-shift  
measu remen t  

Predicted sensitivity combining random 
and systematic  effects as RSS 

a f  n = 3.2 X 10 - i s  

Afn/ f  = 5.8 X 10 -16 

A~/C2 4.8 X 10 -1~ 

(Af/f)  s_  1.7 X 10 - l s  

AO/c 2 4.8 X 10 -1~ 

Af/f 
= 3 . 8  X 10 .6  

zxr 2 

= 5.8 • 10 -16 

= 1 . 2  • 1 0  . 6  

- 3 . 6  X 1 0  . 6  

in the gravitational red-shift measurement and in the measurement of the 

second-order Doppler effect. 

w (4): Gravitat ionalRadiat ion 

Like electromagnetic radiation, gravitational radiation can be caused by tran- 

sient sources (producing bursts), periodic sources (producing lines), and stochas- 

tic sources (producing noise). The known periodic sources are too weak to be 

seen with the currently planned experiments [25, 26]. Whether stochastic 
sources can be detected and unequivocally shown to be gravitational radiation is 

not yet clear [ 12, 26, 27]. We will not pursue either of these possibilities here 

and restrict our discussion to the detection of bursts of gravitational radiation. 
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A gravitational wave burst can be characterized by its dimensionless ampli- 

tude h(t). By "burst" we mean the envelope of a waveform that damps out on a 

timescale ~l/u, where u is the frequency of oscillation. If we assume that this 

burst comes from an astrophysical source of massM and distance from earth r, 

then the amplitude h is proportional to ~112 (M/r), where ~ is the efficiency with 

which the source converts its mass-energy into gravitational radiation. 

Figure 9 shows the best current estimates [25, 28] of the upper limits for 

astrophysical burst sources. We have assumed we must look out to a distance 

r, so that the observed volume of space (~r 3) contains sufficient sources at 

the given frequency (u ~ M -x) to give one event per year. These distances range 

from ~ 20 Mpc (the Virgo cluster of galaxies) for supernovae (1-10 M o ) to 

~2,000 Mpc (the quasar era) for supermassive (10 s -108 11,/o) black holes form- 

ing in galactic nuclei. 

In Fig. 9 we describe the effects of gravitational waves in what would be con- 

sidered a very low-frequency region for electromagnetic waves. This means that 

over the low-frequency, long-wavelength portion of the gravitational wave spec- 

trum (u < 10 a Hz or XGW > 300 km) detection naturally can be expected to be 

done over commensurately long distances in space. For the higher end (v > 1 Hz) 

of this spectrum, detection can be attempted from earth. In either case, the 

amplitude of the signal h gives the fractional change in the length R or frequency 

u of a gravitational wave detector. 

In the figure, the one-sigma background noise level is given for two types of 

detector systems: (1) the ground-based resonant and free-mass antennas and 

(2) spacecraft Doppler tracking, specifically, the projected NASA International 

Solar Polar and Galileo missions and the mission proposed herein. The regions 

labeled "current sensitivities" are adapted [29] from Weiss [26], and include 

the recent results from data taken during the Voyager I spacecraft mission. Note 

that today we are several orders of magnitude away from the conservatively 

estimated "Black Hole Upper Limit" curves in both regimes. 

Even though technology applicable to detecting gravitational waves is pro- 

gressing rapidly, our estimate of where we will be in the near future is very 

rough. In Fig. 9 we attempt to estimate from current technology the levels that 

can be reached in the next few decades. The regions labeled "projected sensitivi- 

ties" are not limited by fundamental processes; they are extrapolations of exist- 

ing technological advances. These advances include the use of cryogenic tech- 
niques in bar detectors and in hydrogen maser oscillators and superconducting 

cavity-controlled oscillators. 
Further extrapolation of sensitivities into the future can be envisioned that 

should allow eventual coverage of the entire region considered in Fig. 9. In the 

high-frequency regime, quantum limits, in principle, can be circumvented for the 

resonant detectors [30]. For midrange frequencies, space laser interferometers 

in earth orbit seem possible [26]. In the low-frequency region, much smaller 
amplitudes would be observed with spacecraft Doppler tracking if phase-coherent 
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Fig. 9. Amplitude h vs frequency VGW of gravitational radiation and estimated sensitivity of 
detectors. The numbers below the black hole upper limits refer to the mass of the source in 
solar masses. 

laser signals were used for tracking between widely separated spacecraft in place 
of  microwave signals. 

We see from the rate of  progress anticipated in Fig. 9 that the era of  gravita- 

tional wave astronomy is rapidly nearing. The overlap of  the sensitivity of ex- 

perimental techniques and expected magnitudes of  signals from astrophysical 

sources guarantees exciting new science in the decades ahead. 



150 SMARR ET AL. 

The heavily cross-hatched region labeled "proposed mission" in Fig. 9 

shows the background noise level of the proposed detection scheme after apply- 

ing the optimum filter [31 ]. This noise is the superposition of several continuous 

noise processes. The principal disturbances from the troposphere and the iono- 

sphere have been almost entirely removed by the time-correlated filtering 

scheme. A separate paper [31 ] discusses the detection of pulses of gravitational 

origin. The mission we propose is the most sensitive of the low-frequency gravi- 

tational wave experiments currently possible with available technology. It uses 

microwave Doppler tracking between precision clocks on the earth and on the 

distant spacecraft. Previous studies [27, 32] have considered how such gravita- 

tional waves might appear in two-way Doppler tracking (no clock on spacecraft). 

Here we will discuss how these bursts appear in the time-correlated, four-link 

system (clock on spacecraft, described in Section 2), and outline the techniques 

for identifying them in the presence of noise. Following this, we discuss the 

amplitude and event rate for possible sources of such burst radiation. 

The Doppler signature resulting from a gravitational wavefront intersecting 

a ray path between earth and a distant spacecraft depends on the mode of 

observation (that is, whether one-way or two-way), the angle of intersection of 

the wavefront, and the nature of the originating gravitational disturbance [12] .s 

The one-way signals from space to earth, shown as E2 in Fig. 2, contain two 

gravitational wave signatures [34] related in time and magnitude by the param- 
eter/~ = k .  ese, where k is the wave propagation vector and ese is the direction of 

the space-to-earth ray. At the earth station the Doppler frequency shift caused 

by the wave is given by 

Av(t) _ (1 -/~) hR E + (1 - p) 
hTE (4) 

/) one-way E 2 2 

where hRE and hTE are the dimensionless wave amplitudes h(t) evaluated at the 

time of reception on earth and time of transmission of the spacecraft; 

hRE = h(tRE ) and hTE = h[tRE - (1 + ta)Ro/cl 

The one-way signals from earth to space shown as $1 have a similar struc- 

ture, the sign o f p  being reversed. Here 

Av(t) l _ (1 + tt) hR s + (1 + p) 
v one-way S 2 2 hTE (5) 

hg s = h(tRs), and hTs = h[tRS - (1 - t~)Ro/cl 

SWe will assume throughout our discussion that the wavelength of the gravitational wave is 
short (~ < Ro]3) compared to the earth--spacecraft separation R o. For the inverse case 
see [26, 33]. 
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These two one-way (TOW) time series of data can be coordinated using 

appropriate relativistic corrections to bring taE and tns into synchronization 

ane processed using time correlation to remove the major noises and enhance the 

wave signature. 
The time series of data E2 and $2 in Fig. 2 also contain wave signatures 

A_~ two-way E = -hRE (1 -2/d_____)) _ h TSI2 + bEE T (1 + p) (6) 

Here 

and 

hRE =h(tRE), hrs =h[tRE - (1 +p)Ro/c] 

are the values o fh( t )  at the following times and places: hRE, time of reception 

at earth; h Ts, the time of signal transponding at the spacecraft; and hEE, the 

time of signal transmission from earth. 

In a similar manner, the spacecraft signal will contain signatures given by 

Au[ (1 + #) (1 - p..____~) (7) 
- -  [ = -hns - -  + hrsp  + hss 2 

P two-way S 2 

where hRs is the value of the wave amplitude at the time of signal reception, 

- p ) R o / c  ] and h s s = h ( t R s - ~  -9-) hrE = h[tRs - (1 

The primary gravitational information is in the two one-way channels and 

occurs there in the form of four pulses. A separate means of obtaining the two 

one-way data sets is to subtract, in real time, the one-way signal from the two- 

way signals. For example, if we subtract E1 (t) from E 2 (t), we obtain $1 (t - 

Ro/c). Similarly $2 (t) - $1 (t) = E1 (t - Ro/c). The two pairs of one-way data 
involve different electronics paths and provide a valuable means for testing the 

consistency of the results. Alternatively, this method will allow us to obtain 

information under conditions where it may not be possible or desirable to detect 

and record one-way phase data aboard the spacecraft for telemetry to earth. 

The special temporal structure of the signals and noise in the two one-way 

data allow us to filter out a large part of the dominant continuous noise by 
adding and subtracting the data at appropriate times. This process gives signifi- 

cant enhancement of the signal-to-noise ratio of the pulses and can be fine-tuned 
depending on the structure of the noises. A separate paper describes this pro- 

cess [31 ]. 
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The improvement using the opt imum filter with the two-one-way system 

is possible if a single, strong (say, 10 times the other noise levels) noise source 

is present. Table III shows the noise contributions in a presently realizable 

X-band tracking system given in terms of  fractional frequency fluctuations for 

various time intervals. We have allowed for a high level of  ionospheric and tropo- 

spheric noise to allow for a wide range of conditions. The bot tom line shows the 

result of optimal time-correlated filtering [31 ] in the TOW data. The effective- 

ness depends on the parameter p of equations (4) and.(5). By going from 8.8 to 

15 GHz the interplanetary plasma can be further reduced and larger periods of  

time can be made available with the probe in a generally antisolar direction as 

discussed by Armstrong [ 14] and later by Hellings [35 ]. 

From equations (4)-(7),  it is clear that the probability of  detection of a 

passing burst depends on three factors: the strength of the bursts h, the angle of  

incidence 0, and the earth-spacecraft distance Ro. Considering a wave of fixed 

amplitude h in Figs. 10-12, we show how the other two factors (O,Ro) affect 
the Doppler frequency signature of  the four-link system. If  the gravitational wave 

is propagating within a small angle (e.g., 0 ~< 30 ~ Fig. 12) of  the earth-probe 

direction, the pulses merge in a destructive fashion. If  the angle 0 is fairly large 

(0 ~ 60 ~ Fig. 10), a clean separation occurs producing 10 pulses if the envelope 

of the burst is short ( "1 /3 )  compared to Ro. Finally, if the propagation is at 

right angles (0 ~ 90 ~ Fig. 11) to the earth-probe direction, then each link will 

have only two pulses (for a total of  eight). In addition to this angle dependence, 

the sensitivity for a given pulse will depend on the projection of the polarization 

of the pulse on the line joining the earth and the spacecraft. 

Table III. (av/v) (r) Frequency Noise-Units of 10 -15 

Averaging interval r (sec) 

Noise contribution 50 100 250 500 

H masers [24] (each) 4.2 3 1.9 1.3 
TROPO and IONO [23] a (each 

direction) 100 100 100 100 
Interplanetary [ 14] scintillation 

(each direction) 2.7 2.7 2.7 2.7 
Probe buffeting [ 32] 1.5 1.5 1.5 1.5 
Earth receiver b signal to noise in 

a 1 -Hz noise bandwidth 10 2.5 2.0 1.0 
Resulting noise [31] after filtering 

[ depends on ttsec equations (4) 
and (5)] 10.1-11.6 6.8-7.9 4.6-5.3 3.9-4.5 

aThis level should account for a wide range of tropospheric conditions. 
bBased on existing NASA Jet Propulsion Laboratory Deep Space System at X Band. Earth 
antenna diameter, 26 m; earth receiver noise temperature, 30 K; uplink power, 50 kW; 
space antenna diameter, 1 m; spacecraft transmitter power, 2 W. 



GRAVITATIONAL WAVES AND RED SHIFTS 153 

SPACECRAFT 

,,IsW / \ 
,;,';;W/" " 

///y, 
AVSi SPACECRAFT 

AVS2 SPACECRAFT2_WAY I 

AVEi EARTH V 
I - WAY .. 

A~E2 EA R ~ - ~  
2-WAY I . 

~A~si 

/ 
�9 

l A I ,~Av  E2 El 
i ~j 

r 

X~ 
COORDINATE TIME 

D 

/~.. i 

I= 

I 

GRAVITY x ~ P R O B E  
WAVE BURST 

~ ~ z  R~ 

EARTH z 
TRADITIONAL GRAVITY WAVE 

AFTER THORNE, WAHLQUIST, ESTABROOK, 
BRAGINSKY (f975-76) 

Fig. 10. Illustration of gravity-wave signature for a four-link correlated system, 0 = 60 ~ 

We identified in Section 2 three major sources of  systematic phase variations 

in the proposed four-link scheme, which relate to the clock, the antenna, and the 

propagation paths. We now discuss their importance for the detection of  gravita- 

tional waves. Since the transmitter and local oscillator are phase-locked to the 

maser oscillator, the outputs from these systems very closely replicate the per- 

formance of  the maser oscillator. The antennas and their feed systems are 

subject to phase variations from thermal effects and mechanical motion. For the 

very long light times proposed between space and earth systems, the earth's 

troposphere and ionosphere will be considered an extension of the earth an- 

tenna. Tropospheric fluctuations, in particular, are assumed to dominate and, 

as shown in Fig. 7, can cause fluctuations well into the 10 -13 level in A f/fat 

1000-sec averaging intervals. The successful removal of  these effects to the level of  

the maser stability was done in 1976 using an S-band system. We see no funda- 

mental or technological reason not to expect this process to work at the 10 -is 

level or better at 1000-sec averaging time. 

Doppler phase variations from changes in the refractive index of  signal paths 

in deep space are overwhelmingly the result of  ionization. In principle this 

source of  Doppler phase noise can be overcome by raising the carrier frequency. 
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Fig. 11. I l lustrat ion of gravity-wave signature for a fourqink correlated system, 0 = 90 ~ . 

In this instance, where we proposed using X-band signals, there can still occur 

perceptible ionization effects even in ray paths directed well away from the sun. 

We can measure the average value of the columnar ion density by the usual two- 

frequency technique using outputs El(t) and XS(t) in Fig. 2. 

We turn now to a more detailed discussion of the sources of bursts of gravi- 

tational radiation in Fig. 9, adapted from Epstein and Clark [25]. The "funda- 

mental upper limit" [25,36] results from turning galaxies completely into 

gravitational radiation in a Hubble time. Below this line and above our black 

hole upper-limit line could lurk unsuspected sources of bursts. We note that 

gravitational wave detectors with "current sensitivities" are now well below this 

limit in both the high- and low-frequency regimes. 

We have plotted what we believe to be a conservative "black hole upper 

limit" in Fig. 9. This is the level at which we could begin to observe known or 

speculated astrophysical objects. At the high-frequency end of this upper limit 

are core collapses in supernovae in the Virgo cluster (r "- 15 Mpc). At this 

distance a burst rate of greater than one per year is expected. The efficiencies of 

gravitational waves from supernovae forming either neutron stars or black holes 
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Fig. 12. Il lustration of  gravity-wave signature for a four-link correlated system,  0 = 30 ~ 

are assumed to be approximately 1% [37]. Also in this region is the speculative 

formation of more massive black holes (10-104 M o )  in globular clusters out to 

r ~ 500 Mpc. 

We will concentrate on the low-frequency, long-wavelength sources with 

v <  10 -2 Hz, XGW > 3 • 10 6 kin. These are most likely to result from bursts 

from the formation of supermassive(M ;> 10 s M o )  black holes in galactic nuclei 

and quasars [11,38]. Let us consider in more detail where such bursts might 

occur on Fig. 9. It seems that by the currently envisioned time-correlated 

Doppler signal approach described herein we can observe only those holes in 

the mass range 5 X l0 s < M <  107 M o . Presumably such holes form in the 

centers of galaxies very early. In fact, the quasars may be simply the first flow 

of gas onto newly formed holes [39, 40]. For this reason, to see the gravitational 

wave bursts from these black hole formations, we must look out at least to a red- 

shift of approximately 2 or 3. Our values for the amplitude and event rate will 

therefore depend on the Hubble constant Ho and the deceleration parameter qo. 

We use a high-density universe with Ho = 100 km sec -I Mpc -a and qo = 1. 

Once this distance is chosen, we have set the amplitude of the resulting burst 

at earth for a given black hole of mass M, radiating with efficiency rl, as is shown 

in Fig. 9. These levels are calculated following Thorne and Braginsky's work 

[11 ], as modified by Epstein and Clark [25], and shown plotted for efficiencies 

of 1% and 20%. The latter number seems the likely efficiency [41,42] if ga!ac- 
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tic core collapse results in a spiral collision of two black holes [38, 43 ]. We are 

encouraged to note that the sensitivity of our proposed mission overlaps the 

expected burst strength in part of our frequency window. 

However, to observe such a burst, Nature must provide us a sufficient rate of 

events, here taken to be more than one burst per year. As Thorne and Braginsky 

[11 ] argue, looking out over the whole observable universe to z < 3, this event 

rate is proportional to N~b, where N is the number of burst events each galactic 

nuclei suffers in its lifetime, and ~ is the current number density per cubic giga- 

parsec of dead black holes. With the high-density universe, we require that Nr 

6 • 107 Gpc -3 , and for the currently popular low-density universe where H o = 60, 

qo = 0.05, we find that Nr > 5 • 106 Gpc -3 for there to be one event per year. 

Using Blandford's 1979 tabulation [401 of ~b as a function of galactic type 

(assuming the dead holes are in galactic nuclei),'we see that only the field gal- 

axies having approximately our galaxy's luminosity (Lgal "" 5 X 1036 W) are 

numerous enough (r ~> 107 Gpc -3) to produce events at the required rate of at 

least one per year. Radio galaxies and giant elliptical galaxies are too rare [40] 

for their bursts to be seen with reasonable probability, even though they may 

have very massive black holes in their centers [44]. 

Thus the question of event rate can be rephrased, "Does a typical spiral 

galaxy like ours or Andromeda (M 31) have a black hole at its center?" Three 

years ago new evidence came to bear on this question. Using high-resolution in- 

frared measurements, Lacy et al. [45] showed that our galaxy has ~ 8 X 106 M o 

of matter in the central half-parsec. Rodriguez and Chaisson [46] combined this 

with radio observations to propose a model with a 5 • 106 M e central mass point 

in addition to the normal galactic center stellar population o f < 3  X 106 M e . If  

this "nonstellar central mass point" is a black hole accreting gas at ~10 -6 M e 

yr -1, it could explain many of the infrared features of the galactic center [47]. 

In 1979, M31 was imaged in the x-ray by the Einstein Observatory [48]. It 

was found that there is a point source in the nucleus with an x-ray luminosity of 

Lx "" 1038 erg -1, a thousand times brighter than our galactic nucleus. It appears 

that a thermal source of x rays, such as accretion of gas onto a massive object, 

may be responsible. If  so, M 31 would be intermediate between our galaxy and 

weak Seyfert galaxies such as NGC 4151 (Lx " 3  X 1043 erg-1). The latter object 

has recently been argued [49] to have a central black hole of ~ 4  X 106 M e . 

Presumably the difference in x-ray luminosity between these galactic nuclei is 

a function of the gas accretion rate. 

More detailed observations are needed to tie down the galactic center black 

hole hypothesis. But we note that if it is correct and if our galaxy or M 31 are 

typical field galaxies, then a black hole of 106-107 M e in such galaxies would 

radiate on formation in exactly the region of the gravitational wave spectrum we 

can search with best sensitivity. Thus, our search window appears to coincide 

with the highest probability region for supermassive black hole bursts. An alter- 
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native form of black hole burst will be from the coalescence of these black holes 

during the merger of galaxies. 

w (5): Gravitational Aspects of  Previous Space Missions and 
the Presently Proposed Mission Profile 

Experimental relativity and gravitation is a new departure in science and, 

thus far, gravitational space experimentation has tended to be a by-product of 

space missions with other primary goals. For example, the Doppler data ob- 

tained from the NASA Mariner and Viking missions have provided excellent 

results in the measurement of the gravitational time delay, the "fourth" test of 

general relativity discovered by I. I. Shapiro [8]. In the Introduction to this 

paper we have alluded to the possibility of repeating these tests at the appropri- 

ate time in the proposed mission. The search for gravitational radiation using 

Doppler techniques proposed in 1967 by Braginsky and Gertsenshtein [50] and 

by Anderson [51] in 1971 has made use of the normally acquired Doppler data 

and has prompted considerable rethinking in the technology for two-way track- 

ing of the hopefully forthcoming International Solar Polar and Galileo missions 

[32]. To date only the 1976 GPA experiment has had as its primary goal the 

measurement of relativistic gravitational effects. We believe that the mission we 
. J  . 

now discuss is the logical sequel. Its objectives totally involve the study of gravi- 

tation; it relies on available technology and has a projected sensitivity adequate 

to observe the currently expected levels of pulsed radiation. The improved mea- 

surement of the gravitational red shift and second-order Doppler effect to be 

made during the first phase of the mission itself will make a solid contribution to 

our state of knowledge at a level significant to gravity theories. This, in fact, is 

a test of the internal self-consistency of the general theory of relativity in that it 

separately measures both the red shift and the time dilation effects. In our 

opinion experimental gravitation requires such a high level of commitment to 

measuring gravitational effects. 
The two primary experiments, the red-shift measurement and the gravita- 

tional wave search, use the same basic equipment, but they require rather differ- 

ent orbital conditions. For the gravitational red-shift measurement, an orbit that 

carries the spacecraft in and out of a substantial fraction of the gravitational 

potential of the earth is needed. This would be satisfied by first placing the 

spacecraft in a highly eccentric earth orbit, where it would remain long enough 

to collect sufficient data for the red-shift experiment and, at the same time, to 
test the system for the ensuing search for gravitational waves. For the gravita- 

tional radiation search, an interplanetary orbit is required so that the light travel 

time from the spacecraft to the earth is a few times greater than the character- 

istic duration or period of the gravitation radiation signal to be detected. 
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Fortunately, the Space Transportation System now under development by 

NASA, consisting of the Shuttle and auxiliary propulsion units, allows these 

orbits to be achieved sequentially with reasonable ease and even permits re- 

covery from earth orbit if required. The spacecraft would be equipped with two 

auxiliary rocket motors and lifted into space onboard the Shuttle. The first 

motor would be used to put the spacecraft into a highly eccentric earth orbit. 

After completion of the red-shift measurements, the second motor would be 

used to inject the spacecraft into an interplanetary orbit. 

The principal criteria for selection of the eccentric earth orbit are maximum 

variation of the gravity potential and continuous or nearly continuous visibility 

of the probe from the ground station. Figure 13 shows the relationship between 

red-shift magnitude and eccentricity of a geosynchronous orbit [6]. The choice 

of the eccentricity parameter is governed by the requirements for maximum 

(ideally, continuous) communication time with the space probe and having 

elevation angles from the ground station greater than some minimum. Figure 14 

shows the elevation angles for an equatorial tracking station and for a station at 

latitudes 35 ~ . The orbital parameters used in the elevation angle calculations are 

listed in Table IV. A somewhat higher eccentricity, about 0.6, may be acceptable 

depending on station location. 

During the earth-orbit phase of the mission, when signal strength is not a 

problem, the red-shift experiment could be run from a station with relatively 

small antenna size and low transmitter power located closer to the equator. For 

the interplanetary orbit phase of the mission a D.S.N. deep-space tracking sta- 

tion will be required because of the low signal level resulting from the large dis- 
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Fig. 13. Red-shift magnitude vs. eccentricity of 24-hr geocentric orbit. 
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Table IV. Earth Orbit Characteristics 

Period 24 hr 

Eccentricity 0.5 

Inclination 0 ~ 
Semimajor axis 4.22 X 107 km 

Range at perigee 1.47 X 104 

Range at apogee 5.69 X 104 

Velocity at perigee 5.32 X 103 km sec -1 

Velocity at apogee 1.77 X 103 km sec -1 

tance to the spacecraft. A substantial commitment of observing time is re- 

quired-at least 8 hr per day and nearly continuous coverage by additional sta- 

tions is very desirable in view of the low estimated event rate. 

The criteria for selection of  the interplanetary orbit are not critical. The 

inclination of the interplanetary orbit relative to the ecliptic plane should be 

rather small, and the maximum distance of the space probe from the earth 

should reach at least 6 AU [see equation (6)]. During the time of maximum 

separation between earth and space probe, the sun, earth, and probe should not 

be in line in order to prevent solar microwave noise from entering either the 

earth or spacecraft receiver systems. 

w (6): Conclusions 

Experiments to test theories of  gravitation are so demanding that each new 

experiment capable of  achievement joins a short, prestigious list. Therefore, it 

is noteworthy when a single spacecraft mission promises to allow the perfor- 

mance of  two (or possibly more) such experiments, including a search for gravi- 

tational radiation. This circumstance has the consequence that a number of  



160 SMARR ET AL. 

investigators and institutions potentially can participate in preparation, execu- 

tion, and interpretation of the mission. 

The key new element we proposed herein is the addition of a highly stable 

hydrogen maser clock onboard the spacecraft so that we can have four links and, 

by use of time correlation, substantially increase the amount of information in 

the data to allow the separation of gravitational red-shift and second-order 

Doppler effects. The additional links of radio data provides additional signatures 

of a gravitational wave burst and increases substantially our confidence in the 

removal of spurious signatures. This allows a Doppler signal fluctuation to be 

unambiguously identified as a gravitational wave if the burst is of sufficient 

strength. We showed in detail how the minimum detectable strength depends on 

the clock stability. It appears that with hydrogen maser clocks available in the 

next decade we should be able to detect gravitational wave bursts emitted by 

supermassive black holes forming or colliding anywhere in the observable 

universe (z <~ 3). 

Another advantage of this high clock stability is that it allows very sensitive 

measurements of the gravitational red shift and the second-order Doppler effect. 

By placing the clock in orbit, we should be able to improve the previous sub- 

orbital test by a factor of 30. At this level of ~5 • 10 -6, the red-shift experi- 

ment will break new experimental ground on tests of the internal self-consistency 

of general relativity-the meshing of the equivalence principle, the special theory 

of relativity, and the isotropicity of the velocity of light. These are the corner- 

stones of all theories of gravity. 

The envisioned mission further has the remarkable feature that the same 

equipment is used for the two primary investigations as well as for possible 

supplementary investigations. The instrumentation is a natural evolution of that 

flown successfully on the Gravity Probe A Redshift Experiment in 1976. These 

facts are important to the economic practicality of the mission. Once developed 

and proved in this flight, duplicate counterparts of the equipment can be incor- 

porated in other spacecraft to continue these and related lines of inquiry. The 

expectation that one or more gravitational waves could be detected during the 

course of the envisioned mission has been argued on source assumptions that 

seem reasonable at this time. 

Admittedly, the search for gravitational radiation cannot be completely 

assured of success within the current state of knowledge of sources of this 

radiation. This uncertainty should be viewed against the great significance of 
a positive detection of a gravitational wave or a definitive null result at a level 

for which detection is theoretically predicted. Further, this recognized risk is 

balanced by the ensured success of the red-shift experiment. Naturally, much 
effort is still needed to refine and optimize the proposed gravity mission, pre- 

sented here in conceptual outlines. Its broad features are nonetheless clear and 
of such attractiveness that the required effort is strongly justified. 
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